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ABSTRACT 
Phosphonate metal organic frameworks (MOFs) and coordination polymers (CPs) have 
attracted considerable interest due to their functionality and thermal stability. However, 
progress in the characterisation of such materials has been hampered by their poor crystallinity 
and complex coordination modes, and their propensity to form non-porous layered solids. A 
possible solution to these issues is the use of large, bulky ligands which may counteract these 
tendencies.       
The first section of the research presented in this thesis describes the synthesis of coordination 
polymers using a naphthalene diimide (NDI) platform functionalised with 2 or 4 phosphonate 
groups. These are the first NDI / phosphonate networks to be reported, where the 
predisposition of the phosphonate ligand to form ill-defined amorphous solids appears to have 
been overcome. 
A phosphonate monoester network, formulated as [Ba(H2O)3(Et2NDI-BP)] was fully 
characterised via Fourier transform infrared spectroscopy (FTIR), powder x-ray diffraction 
(PXRD), single crystal x-ray diffraction (SCXRD), thermogravimetric analysis (TGA)/ Gas 
Chromatography (GC), and fluorescence spectroscopy. This compound represents the first 
reported crystal structure for a metal NDI phosphonate. The network forms a layered system 
with alternating layers of chains of barium(II) ions, bridged by phosphonate oxygens and 
densely packed naphthalene diimide cores. Due to the dense packing of the naphthalene 
diimides, the network is non-porous and only weakly fluorescent as a result of the close packing 
of the NDI cores which facilitates fluorescence quenching via charge transfer between the NDI 
cores.   
The crystallinity and yield of the product were primarily controlled by utilising an in situ 
hydrolysis of the phosphonate ester precursor ligand during the synthesis, and varying the 
polarity of the medium, the reaction time, the ligand to metal ratio, and the pH of the starting 
solution. Increased yield was associated with an increase in copreciptation of the ligand 
precursor.  
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A barium bromide tetraphosphonate compound was synthesised in a similar fashion, but the 
microcrystalline nature of the solid precluded the determination of a definitive crystal structure 
despite extensive effort. Instead, it was characterised via FTIR, XPS (X-ray Photoelectron 
Spectroscopy), PXRD, TGA and fluorescence spectroscopy. The presence of barium, 
phosphonate and bromide were confirmed by XPS, and FTIR confirmed the presence of the 
ligand and water. The network collapsed upon evacuation to give an amorphous powder.  
This work demonstrates the potential of selective deprotection to synthesise thermally- and 
chemically-robust phosphonate networks. The NDI core shows promise as a bulky ligand 
platform in the preparation of novel networks. Careful control of the synthetic conditions has 
enabled the synthesis of a crystalline product allowing, for the first time, a more complete 
characterisation of these phosphonate coordination polymers, and providing synthetic and 
structural guidelines for future work.     
The remainder of this thesis is devoted to exploring the potential of the luminophore Py4-TPE to 
form metal-organic networks and the potential applications of these networks. Three 
isostructural metal organic frameworks were synthesised using tetrapyridyltetraphenylethene 
(Py4-TPE) as an organic ligand, in combination with copper(II), manganese(II) and nickel(II), to 
yield compounds formulated as: [M2+(Py4-TPE)Cl2]•4TCE, TCE= tetrachloroethene. The overall 
structure is that of a 2D plane with large rhomboidal channels. These crystalline networks were 
characterised via elemental analysis, FTIR, PXRD, SCXRD, TGA, fluorescence spectroscopy and 
gas adsorption measurements. The MOF networks only formed in the presence of 
tetrachloroethene and 2,3-dimethyl-2-butene, demonstrating the role that the planar, tetra-
substituted ethene core plays as a structure directing agent in the formation of the network. 
Hexachlorobenzene demonstrated a similar structural directing effect, but induced a different 
topology and interpenetration of the network. This represents a further degree of control over 
the topology of the resultant network by varying the structure and composition of the co-
solvent used during the synthesis.  
After removal of the entrapped TCE, the air-stable manganese(II) and nickel(II) networks were 
investigated for their gas adsorption properties. Both MOFs were found to have a degree of CO2 
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and CH4 adsorption, but negligible N2 and H2 adsorption. This is mostly likely a function of the 
molecular sieving effect and/or preferential adsorption via the residual polarity in the CO2 and 
CH4 interacting with the functional groups surrounding each pore.   
The [M2+(Py4-TPE)Cl2]•4TCE networks preserved the strong fluorescence arising from the AIE     
(Aggregation Induced Emission) effect of the Py4-TPE, modulated according to the coordinating 
metal. The fluorescence of the Py4-TPE networks persisted even after removal of the TCE.  To 
enable a contrast, comparable Py4-TPM networks (Ni, Mn) were synthesised and found to be 
non-emissive. This is attributed to the lack of conjugation at the single central C-atom 
preventing AIE.  
A novel coordination polymer, formulated as [Zn2(Py4-TPE)Cl4]•4TCE, was also synthesised using 
zinc(II) and the Py4-TPE ligand. It is structurally distinct from the other networks consisting of 1D 
chains and containing a tetrahedral metal centre, but with a similar porosity and thermal 
stability to the previously described networks.  
The sensing properties of all the TCE free Py4-TPE metal(II) networks were explored, but only 
the zinc(II) derivative demonstrated both a wavelength and intensity shift in response to 
volatile organic compounds. A systematic study of these fluorescence responses found that 
liquid samples of methyl-, chloro- and methoxy-substituted benzenes generated a “turn-on” 
(enhancement) in the fluorescent intensity of the MOF. In contrast, nitro-substituted benzenes 
exhibited a “turn-off” (suppression) of the fluorescent intensity attributed to electron transfer 
between the conduction band of the MOF and the LUMO of the nitro analytes. The kinetics and 
reproducibility of the vapour adsorption of nitrobenzene and dinitrotoluene was also explored, 
and although effective, required several hours to achieve the maximum response.   
The [Zn2(Py4-TPE)Cl4] coordination polymer represents a new sensor, demonstrating both “turn-
on” and ”turn-off” responses combined with predictable wavelength shifts. The AIE mechanism 
observed here is distinct from the fluorescence observed in most other coordination polymers, 
and this compound represents one of only a few dual-response porous coordination polymer 
reported. It represents an expansion of the field of luminescence coordination polymers and 
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demonstrates the potential of novel coordination polymers to perform as sensors with variable 
response emissions. 
The use of two dicarboxylate anions as pillaring agents was explored with the Zn(II) Py4-TPE 
network, employing either the planar, linear benzene-1,4-dicarboxylate(BDC) or the ‘bent’ 
camphorate(cam).  
In the camphorate network [Zn(cam)(HPy4-TPE)]+NO3-], cam = camphorate2-), each zinc(II) 
coordinates with three oxygens on two camphorates and two Py4-TPE ligands. The Py4-TPE 
ligands in turn coordinate with two zinc ions, a single carboxylate oxygen via a hydrogen bond 
with a protonated pyridyl group, and possess the unusual single non-coordinating pyridyl, 
which extends into the water occupied pores. This creates a crosslinked 1D chain that is bound 
to other chains by hydrogen bonds between the protonated Py4-TPE and the camphorate ion. 
This hydrogen bond requires a balancing anionic charge, and this is provided by a disordered 
nitrate ion within each pore in the framework. The network is less thermally stable than similar 
networks due to the protonated phenylpyridinium arm and the nitrate, leading to the facile 
formation of HNO3 when heated which subsequently reacts with the ligands. 
The [Zn4(BDC)4(Py4-TPE)] network consists of pairs of zinc(II) ions, each coordinating to a Py4-
TPE molecule and three BDC dianion oxygens, arising from 2 monodentate carboxylates and 
one bridging. The overall framework is a 2D plane consisting of the Py4-TPE, two pairs of dimer 
zinc(II) ions and two BDC anions linked to other planes by the other two BDC anions. The 
network is porous with hexagonal channels running through it, and has two-fold 
interpenetration. 
Comparison of the BDC and camphorate networks clearly illustrates the influence of the two 
different pillaring agents that not only create different layering motifs but also alter the 
coordination of the Py4-TPE ligand. This work expands the known pillaring agents for Py4-TPE 
MOFs, and demonstrates a novel direction forward where it may be possible to use ‘bent’ co-
ligands to deliberately introduce free, uncoordinated pyridyl groups. 
The strong fluorescence behaviour of the Py4-TPE ligand continues within these networks. The 
BDC network has a red shift of 41nm with an approximately four-fold increase in fluorescence, 
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while the camphorate network has a larger red shift (60nm) with an approximately two-fold 
increase in fluorescence, suggesting that both networks are promising candidates for future 
luminescent applications.  
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CHAPTER I 
INTRODUCTION 
1.1  The Chemistry of Metal Organic Frameworks 
This chapter provides an overview of the design and synthesis of MOFs, and describes the 
variety of possible organic linkers that have been used, and the properties and applications of 
the materials prepared.  
Metal organic frameworks are a subcategory of the field of inorganic/organic complexes. 
Before continuing, it is important to define the terminology that is used to describe these 
networks. Prior to 2012, a variety of terminologies was used depending on discipline and group. 
In 2013, the IUPAC task group, “Coordination Polymers and Metal Organic Frameworks: 
Terminology and Nomenclature Guidelines” issued their recommendations that are 
summarised in Table 1.1.1, 2 Additional widely used terminology includes: porous coordination 
polymers(PCPs), metal-organic rotaxane frameworks, and covalent organic frameworks. The 
task group also endorsed the use of descriptors based on topology, components and 
properties. e.g. Porous-MOF, carboxylate-MOF, Flexible ligand-MOFs(FL-MOFs). It should be 
noted that work cited before these recommendations, and some published after, may not use 
these definitions. As such, this thesis endeavours to use current terminology. The 
recommendation on nomenclature discouraged the use of IUPAC descriptors in flowing text 
because of their cumbersome nature. Therefore, in this work, networks will be referred to by 
their given trivial names or using a formula representation. Ligands will be described using their 
full name and then by an assigned abbreviation.   
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Table 1.1 IUPAC 2013 recommendation on topology.3-6 
Coordination 
Polymer  
“A coordination compound 
with repeating coordination 
entities extending in 1, 2 or 3 
dimensions.”  
 
   
Coordination 
Network 
“A coordination compound 
extending, through repeating 
coordination entities, in 1 
dimension, but with cross-links 
between two or more 
individual chains, loops or 
spiro-links, or a coordination 
compound extending through 
repeating coordination entities 
in 2 or 3 dimensions.” 
 
   
Metal-Organic 
framework 
“A Metal-Organic Framework, 
abbreviated to MOF, is a 
Coordination Network with 
organic ligands containing 
potential voids.” 
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1.2  Design and morphologies 
The polyatomic subunits of a MOF are referred to as secondary building units or SBUs. These 
are defined as a single atom, organic linker or cluster of atoms, which has a defined topology 
and acts as a multiple point of extension. They are often categorised by the number of points of 
extension.  
A key strategy in the design and description of MOFs, pioneered by Wells, is the use of 
mathematical nets.7 A net is defined as a graph where each vertex is connected to another and 
there is only one edge linking any pair of vertices.8, 9 In crystals, there are infinite nets with 1D, 
2D and 3D periodic repetition. So, we can analyze and categorise the structure of MOFs by 
assigning them nets associated to the crystal structure. To convert a structure to a net, the 
vertices of the graph correspond to atoms or groups of atoms and the edges of the graph to the 
bonds between these vertices. The identification of these nets can be done on an individual 
basis although this can be inaccurate. In practice, the program TOPOS can be used to rigorously 
identify the nets.10 However, the assignment of vertices and edges can still be problematic and 
lead to confusion.  
Wells also introduced the concept of a point symbol, which refers to the shortest cycle at each 
angle of the vertex.11, 12 It is reported in the form Aa Bb, which describes that there are A angles 
at which the shortest is a and so on for other values. A is greater than B and the sum of the 
italicised numbers is the number of angles at the vertex.  These can be highly informative, but 
can become cumbersome when the vertex has a high degree of coordination.   
The Reticular Chemistry Structure Resource (RCSR) is a searchable database of 2- and 3-
dimensional periodic nets. Each net is assigned a three-letter symbol.9, 11, 13 For example, the 
four connected nets of diamond and quartz are assigned dia and qtz respectively. Extensions to 
the basic symbol are used to define derived nets. An example is the dia-a structure where the 
vertices of the dia net have been replaced by a group of vertices in the shape of the original 
figure of the vertex a representing an augmented net. Note that not all vertices need to be 
augmented. The databases EPINET14 and TOPOS10  are larger, but do not necessarily  refer to a 
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synthesised network.  Isoreticular MOFs are those with the same basic topology in that they all 
have the same defining net. 
1.2.1 Synthesis of metal organic frameworks 
The key challenge of MOF synthesis is to find synthetic conditions that lead to the desired 
bonding arrangement, without decomposition of the organic ligand. In addition, control of the 
crystallization process must be maintained to allow for the growth of usable crystals and the 
presence of singular phases. These complex and often competitive demands on the synthetic 
method means that there are limited examples of isoreticular sets of MOFs, and the majority of 
MOF syntheses have focused on exploratory work. Only recently have high-throughput 
methods been implemented,15-17 which have clear advantages in accelerating the rate of MOF 
discovery.  
The synthesis of metal organic frameworks had its beginnings in both zeolite and coordination 
chemistry. Coordination chemistry has long explored so-called coordination polymers, and 
some porous forms of these compounds were prepared in the past.18, 19  However, in the early 
1990s the seminal work by Hoskins and Robson20, 21 laid out the basis for metal organic 
frameworks; crystalline, porous solids capable of gas sorption and other functionalization. The 
term Metal Organic Framework was coined by Yaghi22 in 1995. Two years later, Kitagawa23 
synthesised a network that was both 3D and absorbed gas at room temperature. This was soon 
followed by the synthesis of HKUST-1(Hong Kong University of Science and Technology)6 and 
MOF-524 shown in Figure 1.1, which are some of the most studied systems in existence. 
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Figure 1.1 Synthesis of HKUST-1(net = tbo) and MOF-5(net = pcu).25 
The field was further expanded by the synthesis, in 2001, of the first mixed-linker systems and 
then in 2002, of open framework Zeolitic Imidazole Frameworks (ZIFs), illustrated in Figures 1.2 
and 1.3.26, 27,28 ZIFs are composed of tetrahedrally co-ordinated transition metal ions with 
imidazolate (im) linkers and have the typical formula of M2+1-5(im)2-10 (im= imidazolate). The 
similarity between the M-im-M angle (145o) and the Si-O-Si angle gives the compounds their 
name. Approximately 105 have been reported in the literature to date.  Mixed-ligand systems 
are more widely reported and are a more general class of compound. They are comprised of 
two distinct ligands in a single network often co-ordinating to the same metal ion. This allows 
for further modification of networks, as a mixed-ligand system can have characteristics of both 
ligands.  
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Figure 1.2 Packing diagram showing the ZIF Co5(im)10 and its topology.29 
The earliest syntheses of MOFs used relatively low temperatures (i.e below the boiling point of 
the solvent used) and took advantage of known crystallization techniques to form large crystals 
usable for analysis. The most prominent MOFs, such as HKUST-1, MOF-5 and ZIF-8, have been 
found to form at room temperature.25, 30 However, higher temperatures are desirable in many 
cases, as this solubilises both the ligand and metal, thus allowing a homogenous reaction 
medium.  
The synthesis of MOFs should be designed so that metal-ligand bonds can dynamically 
equilibrate to allow for the crystallization of a well-ordered material and so hydrothermal and 
solvothermal methods are the most common forms of MOF synthesis. This involves mixing a 
metal salt and the organic linker in a solvent in a pressure vial for a given period. Temperature, 
pH, solvent, concentration, ratio of metal to ligand and reaction time are crucial factors in these 
methods.31  These variables can affect both the purity and crystallinity of the product as well as 
the final topology, which can be highly sensitive to small variations in conditions.  
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Generally, conventional synthesis relies on heating from a conventional source (oven) to 
provide the temperature used. Typically, an aqueous solution of the metal ion and ligand are 
sealed in an autoclave, which is then heated to above 100oC. Alternatively, energy can be 
introduced via other means. Microwave synthesis is a well-known method mainly used for the 
synthesis of organic compounds,32 but it was not until 2006 that it was first used by Jhung33 to 
synthesise a MOF. The synthesis of MOFs using microwave heating has focused on its effects on 
crystallinity, and most notably the formation of nanoscale products. Microwave heating is 
rarely applied for longer than 1hr or at high temperature (>100oC). These effects are linked to 
faster heating and a higher nucleation rate. Several studies have investigated the effect of 
longer irradiation time on the formation of networks.34   Single crystals of several MOFs have 
been synthesised via the microwave method, however these syntheses have relied on multistep 
processes.35 The ZIF family of networks has been successfully synthesised via microwave 
heating, most notably ZIF-7 (ZIF-7=Zn(bim)2, bim=benzimidazolate)36and ZIF-8 (ZIF-8 = 
Zn(mim)2, mim = 2-methylimidazole)37, illustrated in Figure 1.3. 
 
Figure 1.3 Structure of ZIF-7 and ZIF-8.36, 37 
Mixed-ligand systems have also been synthesised, and they exhibit similar properties to those 
obtained by conventional thermal syntheses.38 
Another alternative synthetic method is electrochemical. This was first used by Mueller in 2005 
and has seen limited use since then.39 It allows for the exclusion of anions, such as chloride, 
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during the synthesis. Metal ions are introduced continually via the anode into the conduction 
medium which contains the ligand. Various networks, using carboxy-substituted benzene 
ligands combined with transition metals, have been reported,40 in addition to the synthesis of 
the ZIF family. The commercial production of MOFs has mainly used these methods, and as 
such they are extensively patented.41 
Mechanochemical synthesis involves the use of mechanical force to induce chemical 
transformations. Its use has been reported in organic synthesis,42 polymer chemistry,43 co-
crystal formation,44 and inorganic chemistry.45 It was first used for the synthesis of MOFs in 
2006.46 The solid metal precursor is mixed with the solid ligand and milled for 10-60min to give 
yields comparable to conventional syntheses.  Its primary benefit is environmental, as the lack 
of solvent, combined with room temperature reactions, leads to minimal waste.  While the first 
studies used dry grinding, subsequent work has taken advantage of liquid-assisted grinding 
(LAG).36 Mechanochemical synthesis of HKUST-1, as well as other 1,3,5-benzenetricarboxylic 
acid(BTC) based systems, has been extensively studied.47-49 The mechanochemical synthesis of 
ZIFs has been explored by Beldon and Williams with extensive control over the 3D arrangement 
of the resultant network demonstrated.50, 51Mixed-ligand systems have been reported by 
Friščić52 using mechanochemical synthesis. Some of these networks were synthesised using 
oxides as the source of the metal, demonstrating a further benefit.53 
Sonochemical synthesis involves the use of ultrasound to induce chemical transformations. 
With benefits similar to mechanochemistry, it can be performed at room temperature. It is 
energy efficient and can be easily scaled. No novel networks have been observed using 
sonochemical methods to date. The first synthesis was performed by Qiu54 in 2008 using BTC, 
whilst the synthesis of HKUST-1 via this method has been extensively studied.55, 56 
1.2.2  Interpenetration, and control of interpenetration, in MOFs and coordination polymers 
By their very nature, MOFs contain voids, and this encourages the growth of additional 
structures into the void space to create interpenetrated networks.   
The discussion below focuses on interpenetration in homogenous MOF superstructures. 
Interpenetration can also occur between heterogeneous MOFs; that is two chemically-different 
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networks interpenetrating. However, this is not relevant to the present work and will not be 
discussed further. 
Prediction of the structure of MOFs and coordination polymers is of crucial importance. 
However, this is not always simple, particularly as the length of the ligand is varied, since as the 
length of the ligand increases, so must the given porosity of the final structure; assuming the 
series of MOFs is isoreticular. Beyond a certain length, interpenetration will occur such that the 
network will have one or more frameworks filling the pore space of the MOF. The networks 
have no connecting chemical bonds but cannot be removed without breaking bonds (See Figure 
1.4). These interpenetrated networks can only form if the pore space of a net is large enough to 
allow for an additional net. Interpenetration can occur in both coordination polymers and metal 
organic frameworks. As the empty space of such interpenetrated frameworks is minimised, 
these structures often have enhanced stability relative to non-interpenetrated frameworks. The 
forces between each network are usually non-covalent intermolecular forces such as π-π 
stacking, hydrogen bonding and van der Waal’s (dispersion) forces. Interpenetrated MOFs can 
be broadly divided into five categories based on their dimensionality 1D →2D, 1D → 3D, 2D → 
2D, 2D → 3D and 3D → 3D.57 
 
Figure 1.4 Schematic representation of a non-interpenetrated and 2-fold interpenetrated homogenous MOF. Note the 
second network has an identical structure to the first and occupies the pore space of the first. The two frameworks are 
coloured pink and blue.  The nodes are coloured blue and green to distinguish connectivity. 
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A myriad number of interpenetrated 2D structures have been observed and this continues to 
be the subject of research as the factors underlying their assembly are complex. There are two 
types: parallel and inclined/perpendicular. In parallel, the networks share the same mean plane 
but also are “deep” enough to still interpenetrate.58 A good example of this is the work of Liu 
with a 4-crossing[2]-catenane motif from (4,4) sheets.59 Parallel interpenetration can also lead 
to 2D→3D dimensionality increases. An example of the complex possibilities of this type of 
interpenetration was shown by Chen et. al.60 They used a tricarboxylate ligand to construct 
MOFs with both 2D→2D parallel and 2D→3D inclined interpenetration. Networks exhibiting the 
inclined interpenetration require an increase in dimensionality and thus only 2D→3D examples 
exist. An example of this is Monge’s work describing [In(btc)1.5(2,2-bipy)](btc = 1,3,5-
benzenetricarboxylic acid, bipy = bipyridine), which forms a (3,6) hexagonal layer 
interpenetrated by two identical hexagonal layers from two distinct stacking directions.61 
Interpenetration involving 1D chains is relatively unusual. The most common topology is 
interpenetrated ladders, although alternating rings and rods, closed tubes, and ribbons with 
rings have been observed. Analogous to the 2D planes, dimensionality increase depends on the 
nature of the interpenetration. If the 1D chains are parallel, then the dimensionality change is 
often to 2D. If they are inclined then often the change is to 3D. For example, Su reported a 
network in which each ring of a 1D ladder is interpenetrated by two parallel ladders above and 
two parallel ladders below, giving a 3D MOF, as can be seen schematically in Figure 1.5.62 
 
Figure 1.5 1D→3D increase from Su.62 
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3D MOFs are more likely to interpenetrate relative to other dimensionalities. A representative 
example is [Zn2(fdc)2(bpee)2(H2O)]n·2H2O where fdc = 2,5-furandicarboxylate and bpee = 1,2-
bis(4-pyridyl)ethylene.63 This generates a diamondoid (dia) framework with each zinc(II) ion 
acting as a 4 connected node. Large hexagonal channels are formed and then filled by further 
identical networks. The network is 5-fold interpenetrated with the void space being completely 
occupied, as can be seen in Figure 1.6.  
 
Figure 1.6 5-fold interpenetration 3D framework.63 
The classification and systematization of these myriad networks is an ongoing effort and is 
intimately linked to the definition of MOFs as nets. Batten’s work in creating a file of 
interpenetrated 3D structures58 was further expanded by Properio.64 To rationalise the various 
topologies, they suggested dividing them based on degree of interpenetration and the modes 
of interpenetration. The latter relates directly to the actual crystallographic structure (as 
opposed to the simplified networks) and is simply referred to as a Class type.  Class I refers to 
nets related by translation, Class II to those related by space group symmetry elements (usually 
inversion centres but also other elements)  and Class III to those created by both.    
It should be remarked that many reported interpenetrated MOFs were discovered by chance, 
and as such, work on designed interpenetration is ongoing. Interpenetration was originally 
viewed as a drawback as it was unintended and reduced desired porosity. However, as the 
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metal organic framework field has matured, the use of interpenetration to enhance 
functionality has become more widespread. For example, narrower pores in interpenetrated 
networks can improve the adsorption of gases like CO2 and H2 by facilitating the binding 
energy.65-67 
Control over interpenetration can be achieved by the design of a topology that requires a new 
topology to fill the pore space. Several strategies have been used to control the degree of 
interpenetration during synthesis including modification of reaction temperature and time, pH, 
and the use of structural directing agents.67-69 A wide range of degrees of interpenetration have 
been observed ranging from 2-fold to the highest reported to date, 54-fold.57, 70 In 2007, Zhou 
reported control over interpenetration via the use of a templating agent.66 In this case, a 2-fold 
interpenetrated framework was synthesised from triaminotrinitrobenzene (TATB) and copper 
nitrate. The synthesis was repeated with oxalate anions present in the reaction. This led to the 
synthesis of the non-interpenetrated network. Solvent molecules have also been reported as 
templates for control of interpenetration.71  The Lin group has described the use of DMF and 
DEF as templates extensively.72 Using a large tetracarboxylate ligand and Cu(NO3)2, they 
synthesised a family of highly porous products and could control the interpenetration via the 
size of the solvent and the chirality of the ligand.   
 
1.2.4  Factors in crystallization of MOFs    
The ligand itself can be synthesised in situ during the formation of the framework. Much of this 
work was pioneered in the coordination polymer field.73 Hydrolysis of esters to their 
carboxylate form is well known.74 Other known reactions, include [2+3]cycloadditions and 
oxidative coupling.75, 76 This in situ synthesis has several advantages over conventional 
methods. The slower release of the ligand allows for more crystalline products. It offers 
pathways to products that are impossible to prepare by conventional synthesis. It also 
alleviates the need for some of the organic synthetic steps, saving time and effort. 
The crystallization process of MOFs has been extensively studied. Studies can be divided into in 
situ and ex situ. In situ representing those characterised as the crystallization was occurring and 
ex situ those characterised after crystallization. Ex situ represents the majority of these studies 
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as they are far easier to perform. Haque demonstrated via an ex situ PXRD study the effect that 
the lability of metal ligand bonds has on synthesis rates.77 Other studies have explored the 
effect that different synthetic methods have on the rate of crystal formation.78 
1.2.5  Large scale synthesis of metal organic frameworks. 
Much of the research focused on MOFs is aimed at eventual industrial applications. 
Nevertheless, only one MOF is currently synthesised on an industrial scale and it is used for 
natural gas storage, although its identity has not been disclosed.  Many laboratory methods 
struggle to be scaled up, but some success has been achieved in the large scale synthesis of 
HKUST-1,79 MOF-5,40 ZIF-8,80 and several others.81, 82 These are commercially available from 
Sigma Aldrich.83 
High throughput methods are also becoming increasingly prevalent in research syntheses. 
These allow for the bulk collection of synthesis data arising from changing variables such as 
temperature, reaction time, pH, reactants, reactant ratios and solvents. Such systems are 
universally-automated and performed in parallel.84-87 In general, automated PXRD 
measurements that are then compared to library patterns are used to determine success. 
1.2.6  Post synthetic modification 
The potential applications of MOFs rely on functionalization of the networks; and while great 
progress has been made in synthesizing a mesmerizing array of different topologies, this growth 
has not been fully correlated with the growth in functionalised networks. Functional groups not 
found in this family include phenols, aldehydes, carboxylic acids, nitriles, azides and thiols due 
to the difficulty of introducing such groups during the assembly of the MOF. A more productive 
method is to alter the network after synthesis, termed “Post Synthetic Modification” (PSM).  
The earliest work in MOF-like systems involved the synthesis of MOFs with alcohol pendant 
groups and then PSM via trifluoroacetic anhydride. Lee later expanded on this work to create 
cross linked systems.88 However, after this first flurry of publications almost no work was 
published until 2007 when the field was revitalised by the use of amine and aldehyde tags. This 
period is also when the term “Post Synthetic Modification” began to be used.89 Extensive 
studies have been reported on the use of amine ‘tags’ and their modification. Early work 
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focused on the condensation of amine groups into urethane, salicylaldehyde or imine 
functionalities.90-92 
The binding of a ligand (such as BTC) to a metal ion can be described by a dative covalent bond 
and this provides a basis for explaining the interaction between a MOF ligand and the metal 
ion. This dative modification of networks has been present for the entire history of MOF 
synthesis. Dative modification can enable the bridging of two or more distinct secondary 
building units (SBUs). This was first demonstrated by Suh, where axial aquo ligands on two Zn2+ 
SBUs were displaced by a bridging bipyridine tetrazine (bpta) (Figure 1.7).93 
 
Figure 1.7 Dative modification of axial aquo ligands via a bridging bipyridine tetrazine. 
Post synthetic deprotection (PSD) involves reaction of a protected functional group on the 
organic ligand which has been incorporated into the MOF. In the synthetic procedure, the 
ligands are used to synthesise a MOF and then the protected functional groups are 
deprotected, thus creating the desired functionalised network. It was first used by Kitagawa in 
2009,94 and has been the subject of intense interest in recent years.  
1.2.7 Metal phosphonates 
Metal phosphonates, based on ligands containing the phosphonate functional group (Figure 
1.8), shown below, constitute a large and extensive field of inorganic chemistry. From its 
beginning in the 1970s, with the synthesis of the first zirconium phosphonates to more recent 
thin film work, it has remained an area of intensive effort. Metal phosphonate derivatives are 
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attractive moieties for several reasons: they can be made at low temperatures without 
disruption of the ligand molecule; they can form supramolecular assemblies relatively easily, 
and these can often be designed for specific applications such as materials chemistry, gas 
storage, proton conduction, ion exchange and catalyst chemistry.95, 96 
 
Figure 1.8 Phosphonates vs phosphates 
In comparison, carboxylate-based MOFs have been studied widely because of their high surface 
area and well-known design frameworks, but they do have drawbacks, a major one being that 
the metal-ligand bond is vulnerable to hydrolysis and, as such they are often unstable in air and 
water. Imidazolete and pyrazolate-based ligands are often used when stability is desired.  In 
theory, MOFs with superior acid- and base-stability could be synthesised by replacing the 
carboxylates with phosphonates.97 Crystalline metal phosphonate frameworks are far less 
common than carboxylates with only a few reported to date, mostly based on divalent or 
trivalent metals.98-100 
The stronger binding of the phosphonate is paired with a tendency to form densely-packed 
layered systems, and the difficulty in obtaining crystalline samples compared to carboxylates. 
This behaviour is attributed to solubility issues and decreased lability which prevents the 
formation of large, well defined single crystals. As such, only a limited number have been 
characterised by SCXRD and many frameworks are characterised by solely PXRD, FTIR and gas 
adsorption measurements. In comparison to carboxylates, the coordination of phosphonates is 
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less predictable because of the variety of possible modes.101 Thus phosphonate MOFs do not 
have similar SBUs to carboxylates which further complicates design.99 
Layered metal phosphonates (Figure 1.9) are a common form of phosphonate substituted 
compound,102-110 and they are generally observed when direct reaction between a metal ion 
and phosphonate ligand is undertaken.   
 
Figure 1.9 Schematic diagram of a layered metal phosphonate 
To generate porosity in these systems, several approaches have been tried. The simplest being 
the replacement of a pillaring phosphonate with a non-pillaring group, as illustrated in Figure 
1.9.111 The incorporation of a second smaller phosphonate ligand has led to mixed success, with 
good results with tetravalent Zr(IV), but yielding two separate phases with divalent metals.112 
The use of a tetraphosphonate acid ligand with a tetrahedral geometry to prevent the 
formation of layers has also been explored.113 Attempts to modify these layered systems have 
also focused on incorporating functional groups onto the organic moiety.114 An excellent 
example of this is the use of: 6’,6”-bis(2-pyridyl)-2,2’:4’,4”:2”,2”’-quaterpyridine with Cu(II) to 
create a subunit that acts as a spacer in a vanadium phosphonate system. 115 
Significant work has also been performed using structure directing agents or surfactants to 
encourage porosity,19, 116 although a more successful approach has been to manipulate the 
geometry/stereochemistry of the organic ligand to create porosity, as was first tried by 
Alberti.117 
Possible 
pendant 
groups  
Phosphonate 
pillars  
Non-pillaring groups  
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Although the layered motif is quite common for metal phosphonates, an important exception is 
the Cu(II) methyl-phosphonic acid framework.102 First synthesised in 1994 by LeBideau,118 the 
distance between the methyl carbons in the layers is 6Å, which creates a porosity with an 
effective pore size of 3Å, as illustrated in Figure 1.10. 
 
Figure 1.10 Copper methyl-phosphonic acid (Cu(CH3PO3)) showing the 1D pores119 
Subsequently, Maeda was able to synthesise similar networks that could absorb gases.120, 121 
Based on this initial work, a three-dimensional coordination network was synthesised utilising 
methylenediphosphonic acid.122 Control of the porosity of these networks was achieved by 
varying the length of the methylene chain,123, 124 with shorter chains affording greater porosity. 
Piperazinium- and crown ether-based networks were also successful in creating 3D 
networks.125, 126 Alternatively, the use of a large, bulky, polyphosphonate ligand, able to 
coordinate with multiple metals, can facilitate porosity in the structure, such as the example of 
1,3,5,7-tetrakis(4-phenylphosphonic acid)-adamantane, shown in Figure 1.11.113 
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Figure 1.11 1,3,5,7-tetrakis(4-phenylphosphonic acid)-adamantane 
This contains four tetrahedrally-orientated phosphonic acids groups combined with a non-
pillaring core. Vasylyev reported the synthesis of two MOFs incorporating the ligand with  Ti(IV) 
and V(III).127, 128 each framework has a 1:1 ratio between metal and phosphonate. The reported 
crystallinity of both was poor, and no structure was reported. Porosity was confirmed via BET 
measurements and inferred from the PXRD (surface areas were 550 and 118m2 gm-1 
respectively). The crystal structure of the doubly-interpenetrated Cu(II) analogue has also been 
reported.113 The ligands are connected by trimetallic copper centres with one μ3 phosphonate 
group and three μ2 phosphonate groups.  
Phosphonate networks based on the cyclic diamine piperazine (PO3CH2NH(CH2CH2)2NHCH2PO3) 
have been the subject of intensive research. They are attractive, because in addition to two 
phosphonic acids, the two amino nitrogens are also capable of protonation. The two most 
notable MOFs are: STA-12129 formed from N, Nʹ-piperazinebismethylenephosphonate and 
Mn(II), Fe(II), Co(II) and Ni(II) and, MIL-91 formed from 4,4ʹ-dipiperidine-N,Nʹ-
bis(methylenephosphonic acid) and Al(III), (III), In(III) and Fe(III).130 STA-12 is porous, with 8Å 
pores decorated by P=O groups that remain after removal of solvent. In addition, the co-
ordinated water can be driven off leaving unsaturated Lewis acid sites. MIL-91 is also porous 
with 4Å pores. Similar work was performed with 1,3,5-benzenetriphosphonic acid,131, 132 which 
formed a MOF that demonstrated both porosity and moderate gas adsorption properties. The 
trigonal nature of the ligand is believed to be responsible for the porosity.  
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Another approach has been to use mixed-ligand systems to increase porosity. Ideally, utilising 
known phosphonate ligands with additional functional groups would prevent the formation of 
layered solids allowing the creation of novel networks.119 The additional functional groups have 
included imino (>C=NR),133 hydroxyl(-OH),134 carboxylic(–COOH),135, 136 sulfonic(R−SO-3)137, 138 
and pyridyl(C5H4N).139-141 These offer a compromise between the robust, amorphous 
phosphonate and crystalline carboxylates.      
Isoreticular phosphonate MOFs remain unusual with the first being reported in 2006142  and  
the first application of an isoreticular phosphonate MOF to gas adsorption being described in 
2012.99 High throughput methods which vary the pH, nature of the rare-earth ion, molar ratio 
and counter ion have been employed in sulfonate-phosphonate systems.143 This generated 
isotypic systems with various metals in a pillared layered system. Gas adsorption by these non-
layered systems is relatively rare and the first system to exhibit it was MIL-91.144 Phosphonate 
based MOFs remain attractive when compared to carboxylate MOFs due to their high thermal 
stability and extremely low solubility, which is desirable for some applications. 
1.2.8 Metal sulfonates 
Sulfonate ligands have been used as isostructural analogues for phosphonates, in spite of the 
fact that the phosphonates are di-anions whilst the sulfonates are singly-charged (see Figure 
1.12). 
 
Figure 1.12 Phosphonates vs sulfonates 
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A typical inorganic-organic layered solid is that of pendant organic groups attached to rigid 
inorganic layers (See Figure 1.9). In this regard, sulfonate MOFs differ from phosphonate MOFs 
since in sulfonates the organic groups exert a more significant impact on the structure. Cote 
demonstrated that by varying the size of the organic group,145 a layered motif could be 
converted into a 1-D column system with π–cation interactions. Neutral linkers such as 
amines,146 pyridines147 and pyrazines148 can also be used to control the formation of porous 
sulfonate frameworks.  
1.2.9 Metal organic framework applications 
The possible applications for MOFs and porous coordination polymers(PCPs) are wide ranging 
with sensing, gas storage, catalysis and biomedicine being the most prominent. The networks 
reported in this thesis have possible and demonstrated applications in sensing and gas storage 
thus this review focuses on these areas. Other areas are briefly described.    
1.2.9.1  Luminescence in metal organic frameworks  
Apart from gas storage (Section 1.2.9.3), luminescent MOFs are the largest category of targeted 
applications. Metal organic frameworks often contain organic ligands with conjugated π 
systems which can give rise to optical emission upon excitation.  The metals themselves can 
also contribute to luminescence. The tunability of MOFs allows for the functionalization of 
these properties. Luminescence in a MOF generally arises from either the short-lived 
fluorescence, where the emission results from the relaxation of an orbital electron from the 
lowest singlet excited state to the ground state, or via a longer lived phosphorescence 
mechanism where it results from the spin-forbidden transition from the triplet state to the 
ground state.  Note that the absorption and emission can occur in separate places in the 
framework and it may not be clear where this is occurring. The luminescence of MOFs can be 
divided into broad categories based on the source of the luminescence. Note that it is possible 
for several of these emissions to be coincident and for the exact mechanism to be unclear: 
a) Ligand-based luminescence or Ligand-to-ligand charge transfer (LC): the luminescence of 
highly conjugated or aromatic molecules, is well known.149, 150 Ligand based 
luminescence is therefore possible and can be quite similar to that of the free ligand. 
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The aggregation of the ligand may increase fluorescence by restricting non-radiative 
deactivation. Additionally, intermolecular stacking between adjacent ligands can lead to 
charge transfer between them creating an enhanced luminescence lifetime and a 
change in emission relative to their non-bound form.  
b) Metal or lanthanide centred luminescence (MC): lanthanides are attractive 
luminophores as they give narrow and characteristic 4f-4f emissions even when 
solvated. This is true despite the difficulty in exciting them.151 Therefore, readily excited 
ligands are used to deliver excitation via their excited triplet state through an antenna 
effect.152-155 The emission of paramagnetic transition metal complexes is usually weak, 
as ligand-field transition(d-d) leads to strong re-absorption and quenching of the 
fluorescence of the ligand.  Metal centred luminescence can occur with transition 
metals, but this is comparatively rare and difficult to differentiate from the LMCT and 
MLCT described below.156 
c) Ligand-to-metal charge transfer (LMCT): LMCT corresponds to a transition from an 
organic ligand-localised orbital to a metal centred orbital. This is primarily seen in MOFs 
containing Zn(II) and Cd(II) as they have filled, deeply buried, core-liked d-orbitals and 
therefore no d-d transitions.  
d) Metal-to-ligand charge transfer (MLCT): MLCT corresponds to a transition from a metal 
centred orbital to an organic ligand-localised orbital. This is primarily seen in MOFs 
containing easily oxidised second and third row transition metals with d6, d8 and d10 
configurations. The d electrons of these metals are in the valence orbital which enables 
MLCT.   
e) Guest induced luminescence: metal organic frameworks can undergo strong interaction 
with species present in their pores. Guest molecules can induce each of the previously 
described forms of luminesce (guest-sensitization) or be emissive themselves (guest-
centred emission).  
Excluding guest induced luminescence, a simplified model of the excitation occurring in each of 
these processes is represented in Figure 1.13.   
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Figure 1.13 A simplified MO scheme showing possible excitations in MOF or coordination polymers155 
1.2.9.2  Metal organic frameworks as sensors 
Metal organic frameworks, due to their large surface areas and the potential to manipulate 
their physico-chemical properties, have emerged as a significant new class of sensor. Tuning 
can be highly selective and is effected by size exclusion, by modifying the pore size and 
constructing selective binding sites with the choice of appropriate functional groups. 
The vast majority of MOFs used for sensing utilise luminescence.157 This is to be expected as 
MOF luminescence is well known and well understood. Scintillation based MOFs have also been 
utilised158.  
MOFs have also begun to be incorporated into optical and electrical sensing arrays.159, 160 The 
fluorescence sensing process involves one or both, of the following parameters: (i) a shift in the 
peak emission wavelength(s), and/or (ii) a change in the emission intensity (either a “turn on” 
or “turn-off”) in response to analyte binding.  
Other considerations for the use of MOFs as sensors are their applicability to the sensory 
environment. Stability, and in particular, stability to air/moisture is a key criterion. MOFs, as a 
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class, generally have poor hydrolytic stability although this is dependent on each metal-ligand 
interaction.  Often, the metal ions or clusters are vulnerable to substitution by water or other 
nucleophiles and this can lead to a loss of structural integrity. They may also collapse upon 
solvent removal or thermal treatment. Increasing their resistance to these effects has been an 
area of recent research.97, 161 
1.2.9.2.1 Humidity  
Humidity sensors are used in a wide range of industries. MOF based sensing of humidity was 
first reported by Yu and has been extensively researched. Both lanthanide162and ligand163 based 
luminescence have been reported. One of the most interesting candidates being the Mg(II) 
MOF reported by Douvali which can detect water(0.05% v/v) in the presence of organic 
solvents.164 
1.2.9.2.1 Sensing of volatile organic compounds 
The majority of reported MOF sensors are utilised in the detection of volatile organic 
compounds (VOCs).  VOCs include benzene and its derivatives as well as common solvents.  The 
MOF system used can be divided into two classes based on the nature of their fluorescence 
outputs: namely wavelength shift or intensity changes. They can be further classified according 
to vapour (vapochromism) or solvatochromism sensing.   
Li described the reaction between Eu(NO3)3•6H2O and p-terphenyl-4,4ʹʹ-dicarboxylic acid (tpca) 
in a solvothermal process using dimethylformamide (DMF)/water which yielded a selective 
turn-on luminescent MOF sensor for DMF formulated as [Eu2tpca3(H2O)4]•3DMF whereby the 
detection mechanism involved displacement of coordinated H2O by DMF. Li hypothesised that 
the selectivity was due to the solvent templating effect of the DMF leading to tailored pores, 
and that the fluorescence arose from an LMCT process. It was suggested that the presence of 
DMF in the pores constrains the rotation of the phenylene ring on the ligand leading to a 
change in its electronic energy levels and hence a ‘turn-on’ luminescence.165  
In 2012, Yi synthesised two Cd(II) MOFs, utilising a ligand with six coordinating-carboxylic acids, 
which were the first MOF based acetone sensors.166 This work was expanded upon when Chen 
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first demonstrated selectivity using a MOF with open metal sites for the detection of both 
(DMF) and acetone using a Eu(III),benzene-1,3,5-tricarboxylate (btc), formulated as 
[Eu(btc)(H2O)]•1.5H2O.167  
The sensing of phenolic analytes was first achieved by Mukherjee with a photoluminescent 
MOF formulated as [Cd(NH2-bdc)(phen)] (NH2-bdc=2-aminobenzenedicarboxylic acid, 
phen=1,10-phenanthroline).168 Davydovskaya utilised a similar response in HKUST-1 to detect 
various alcohols down to a concentration of 2ppm.169 This photoluminescence approach has 
achieved widespread use as a sensor for acetone,170phenols, aldehydes,171, 172 and alcohols.173 
There is a complex interplay of factors in determining the strength of this selectivity including 
the size and chemical environment within the pores and the size and polarity of the molecules.  
In 2011 Kitagawa reported the first MOF network that could identify multiple VOC analytes by 
emissive shifts using “molecular decoding”, as demonstrated in Figure 1.14.174 
 
Figure 1.14 Fluorescence spectra demonstrating the resultant peak shifts for VOC analytes. 174 
Yu later expanded on this work with a similar network.175 The mechanism of the peak shift 
change for both networks is proposed to be a solid-state single-crystal to single-crystal 
“breathing mode” transformation in response to the size and polarity of the guest molecules 
(See Figure 1.15). 
 30 
 
 
Figure 1.15 A visualization of ‘breathing’ shifts in the Kitagawa network structure in response to the presence of different 
guests. Note the interpenetration variants were not included.174 
Lu and Mallick also reported sensors with reversible emission shifts but functioning via a 
different mechanism.176, 177In this case the selectivity was observed to be dependent on the 
polarity of the VOCs, suggesting that non-covalent bonding interactions between the analyte 
and the network were the dominant factor in the recognition and response process.  
Lanthanide systems have also been widely used to sense various VOCs in both the liquid and 
vapour phase.165, 178-181MOFs utilising AIE, particularly those based on tetraphenylethene (TPE), 
have gained wide acceptance in this area. Shustova reported a high temperature sensor using 
carboxy-substituted TPE as a sensor for ammonia.182 The sensor maintained 50% of its initial 
fluorescence intensity at 190oC, which is a significant improvement over the ligand. Zhang 
synthesised a similar network, which exhibited turn-on fluorescence and bathochromic shifts 
for a wide variety of VOCS.183 The use of these AIE networks has enabled the detection of trace 
methanol in aqueous systems.184 
1.2.9.2.2 Sensing of nitro-VOCs/explosive volatiles 
The use of MOFs to sense explosive residues is an important application with direct impact on 
the safety of our cities and the environment. Nitro-based explosives represent a broad and 
important class of explosive and so are priorities for sensing. A variety of current methods exist 
in this area,185-188 but these are hampered by high cost and low portability.  The low vapour 
pressure and chemical reactivity make these nitro explosives difficult to detect.189 Li first 
reported the sensing of explosives using MOFs in 2009.190 The general strategy has been to use 
a MOF containing a conjugated ligand whose fluorescence is quenched in the presence of a 
VOC. Other approaches, pioneered by Ghosh, have used Lewis base sites and amines for 
 31 
 
sensing 1,3,5 trinitrophenol (picric acid)(TNP).191 Lanthanide systems have also been used to 
sense various nitroaromatics.192 Yi published details of a MOF that differentiated between 
benzene and nitrobenzene showing an enhanced response to benzene and a quenching effect 
for nitrobenzene.193 
Recent work in this area has focused on differentiating between similar nitro-substituted 
compounds.194 Fluorescence enhancement has also been used as an alternative to quenching 
especially for ketone-containing explosives which can be difficult to detect otherwise.  More 
recently, Guo used selective degradation of AIE ligands to sense five-membered heterocyclic 
compounds linked to explosive compounds such as 5-nitro-2,4-dihydro-3H-1,2,4-triazole-3-
one.195 
1.2.9.2.2 Ion sensing 
A sensitive and selective transition metal ion sensor is highly desirable for applications in 
environmental science, water treatment and biochemistry. Chen utilised a pyrene-based MOF 
as a selective Cu(II)  sensor.196 Various  ”turn-on” sensors for other metals (Fe(III), Zn(II), Cr(III), 
Hg(II), Cd(II), Ag(I)) have also been identified.197-202 
There are also MOF-based sensors for anions which detect NO2-, CO32-, PO43-, chromate and 
dichromate.203-207 Yang synthesised a lanthanide terbium/mucicate MOF that utilised the 
interaction between the hydroxyl groups on the mucicate ligand to sense CO32- (Figure 1.16).205 
 
Figure 1.16 Reaction of mucic acid with TbCl3. Note the pendant OH groups decorating the pores. 205 
Mucic acid 
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Also notable is the synthesis of a Cu(II)/fluorene MOF that exhibits a colour specific response to 
various halides, which it achieves via a counter anion exchange mechanism.208 
1.2.9.2.3 Gas sensing 
Both biomedical and environmental sciences require highly responsive and selective gas 
sensors. MOFs have found some use in this area. Turn-on formaldehyde sensing gas has been 
achieved down to the level of 1.6ppb.209 Several papers have described the detection of H2S 
gas, including its emissions from biological samples.210 MOF environmental sensors have been 
demonstrated for O2,211-213 NO,214, 215 NH3,216, 217 and CO2.218, 219  Many of these systems were 
able to identify the target gas even in the presence of competing gases. 
1.2.9.2.3 Thin film sensing 
The previous sensors described above have used bulk material instead of thin films. The 
synthesis of thin films is feasible in some cases, but is in general more problematic. Hupp and 
his group have been the leading researchers in this area.220 They have constructed thickness 
controlled ZIF-8 thin films for the sensing of vapours and gases.221 The deposition of HKUST-1 
on to a quartz crystal-microbalance has been the subject of intensive research for use as a 
humidity sensor and as a framework for the loading of different analytes (pyridine, heptane).222, 
223 A typical microbalance consists of a quartz plate with an diameter of 15mm and a thickness 
of 1mm which is then coated with a MOF thin film. This allows for not only sensing of pyridine, 
but measurement of the diffusion coefficients of the analytes.  
1.2.9.3  Metal organic frameworks for gas adsorption 
The remarkably high surface areas of many metal organic frameworks lend themselves to the 
adsorption of gases, and from the earliest days, research has focused on maximizing this 
behaviour.  
1.2.9.3.1 Hydrogen 
Hydrogen has been widely touted as the energy source of the future. Storage and portability 
remain issues, and so significant research has focused on the discovery of low-cost, light 
weight, highly adsorbent materials. Hydrogen mainly interacts with storage surfaces via 
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physisorption and so high surface area MOFs are attractive candidates. In addition, the 
potential to induce a dipole-dipole interaction with the hydrogen gas is another potentially 
useful feature. This is mainly achieved via the introduction of open-metal sites. The desired 
gravimetric performance (%wt) goals are close to being achieved, however this has come at the 
expense of volumetric performance (kg m-3).224 The improvement in gravimetric performance 
was accomplished using a variety of techniques including doping the framework, tuning the 
pore size and pore geometry, and replacing heavy atoms with light atoms.225-227 Increases in 
volumetric performance have utilised functionalization of the ligands and the introduction of 
guests into the pores to create additional surface area.228 
1.2.9.3.2 Carbon dioxide  
Carbon dioxide capture and storage is an important technology for the mitigation of 
atmospheric global warming. MOFs have emerged as one of the leading candidates for this 
application. An excellent summary of the current range of adsorbents can be found in 
Mohamedali et al.229 The highest demonstrated high pressure capacity (72.5wt%) was observed 
for the Zr(IV) MOF, [Zr6(μ3-O)4(OH)4(bpdc)12] (bpdc = 2,2-bipyridine-5,5ʹ-dicarboxylate),230 whilst 
the highest low pressure capacity (51.2wt%) was observed for the Zn(II) MOF, IRMOF-8 
[Zn4O(ndc)3], (ndc = naphthalene-2,6-dicarboxylate),231 as illustrated in Figure 1.17. However, 
neither is ideal, as selectivity and heat of reaction are also important criteria for commercial 
application.  
 
Figure 1.17 Visualization of the pore spaces in IRMOF-8 and Zr6(μ3-O)4(OH)4(bpdc)12.230, 232 
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Several studies which have focused on MOF CO2 selectivity indicate that the nature of the metal 
ion is crucial.233, 234 The activating method is also important, and because of this several 
techniques have seen widespread use, with the most common being benzene sublimation235 
and supercritical CO2 exchange.236 Both of these seek to avoid the liquid-gas transition as 
capillary forces and surface tension can severely damage crystallinity and so reduce surface 
area. The kinetic blocking of hydrolysis by the phosphonate functional group can greatly 
increase the robustness and stability of the networks towards water, and phosphonate 
substituted MOFs are becoming more widely employed because of this.119 Variations within 
such structures using mixed-ligand and post-synthetic modification are also being 
investigated.99, 237-239 More details can be found in sections 1.2.1 and 1.2.6 of this thesis. 
1.2.9.3.3 Methane 
The storage of natural gas, which consists of essentially methane, is important, and its release 
has an enormous impact on global warming and so it is an environmental issue. The current US 
Department of Energy goal for solid-state storage materials is an energy density of 12.5MJ L-1 at 
room temperature.240 
The entrapment of the non-polar, tetrahedral methane molecule is well known to occur in 
aqueous methane clathrates formed at low temperatures in permafrost or high pressures on 
the ocean floor.241 MOFs offer a more practical vessel for storage, and currently the most 
promising family consists of a transition metal, a dicarboxylate ligand and a 1,4-
diazabicyclo[2.2.2]octane pillaring agent. Most of the networks “breathe”, that is they shrink 
and expand during methane uptake and release, as described for the adsorption of VOCs and 
illustrated in Figure 1.15.  
1.2.9.4 Metal organic frameworks as catalysts 
Metal organic frameworks are excellent candidates as catalytic agents. Their large surface 
areas, combined with tunable properties and high density of active sites, are all desirable 
properties for catalytic applications.  The first example of this was reported by Fujita242 and 
consisted of layered square grids with the formula Cd(4-4’-bipyridine)2(NO3)2 for the 
cyanosilylation of aldehydes.  MOFs with open metal sites may act as Lewis acid catalysts as 
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shown by Alaerts in 2006.243 Porphyrins have also been applied to create zeolite-like catalysts 
for hydrocarbon oxidation.244 The PSM of MOFs has proved to be a promising avenue to anchor 
catalytically active moieties. Koner reported a modification of IRMOF-3 with the addition of a 
Pd(II) Schiff base. This MOF was then used to catalyse Suzuki and Stille reactions with good 
yields and recoverability of the MOF.245 
A limited number of MOFs have been reported with guest-accessible catalytically active organic 
sites. These efforts have been limited by the tendency for these groups to coordinate to metal 
ions thus generating an inactive framework. This work has developed from the introduction of 
simple groups such as amide246 to more complex groups like urea for the development of 
organocatalysts.247  
1.2.9.5 Metal organic frameworks in biomedicine 
MOFs have seen limited use in the adsorption and release of biomolecules. Through careful 
selection of metal and ligand, suitable MOFs can be synthesised with desired structural 
attributes and minimal toxicity and degradation.  The most straight-forward application for the 
delivery of biomolecules is bioactive MOF particles. A good example is BioMIL-1, which is 
constructed from pyridine-3-carboxylic acid (Vitamin B3) and non-toxic iron clusters. In the 
body, it degrades and releases ~99% of the organic linker.248 
The high surface area and large pore size of MOFs makes them viable candidates for drug 
delivery. Horcajada first demonstrated this using MIL-101 and MIL-100 as a delivery system for 
Ibuprofen.  Both materials absorbed an exceptional amount of Ibuprofen and slowly released it 
over 6 days.249 This work expanded into use for anti-cancer, anti-viral and MRI applications.250 
MOFs have also shown controllable drug delivery via a cation (Na+) trigger251 and delivery of a 
gas via PSM.252 Delivery of the biologically active gas(NO) has also been extensively reported.253-
255 Current work on gas delivery has diversified the release conditions to include moisture, 
various metal ions and UV radiation.256-258 
One of the most pressing issues with MOFs in biological systems is their chemical stability, since 
almost all of these networks will degrade over time in phosphate buffer solutions. The 
biostability of the networks is not solely dependent on their hydrothermal stability. Several 
 36 
 
studies have been published exploring the toxicity of iron nanoMOFs. While liver and spleen 
iron concentrations did spike dramatically and slowly decline, no toxic effects were reported 
and the ligand was excreted through the urine.259 In general, MOF biodegradation is poorly 
understood, however they show excellent potential as new biomedical platforms, especially in 
applications requiring the controlled release of bioactive species.  
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1.3  Naphthalene diimides 
1,4,5,8-Naphthalene diimides (NDI) are neutral, planar, aromatic compounds (See Figure 1.18) 
that are redox-active and electron deficient.260 They are chemically robust and have high 
melting points. These attractive qualities, alongside their ease of synthesis, have led to use in a 
variety of applications from biomedicine to optoelectronics.261, 262 In particular, NDIs are easily 
reduced to form stable radical anions263. This makes them excellent electron acceptors in 
artificial photosynthesis and supramolecular self-assemblies, where they tend to form n-type 
semiconductor materials.264 
 
Figure 1.18 Naphthalene diimide 
NDIs possess two possible functionalization sites: the diimide nitrogens and the naphthalene 
core with 4 possible aromatic substitutable carbon sites. 
The synthesis of N-substituted symmetrical NDIs is simple and efficient and is readily achieved 
by the condensation of naphthalenetetracarboxylic dianhydride with the appropriate primary 
amine in a high boiling solvent (DMF) for 12-24 hours at 70-110oC.262 Asymmetrical synthesis is 
more difficult, with control being needed to prevent the production of a mixture of products. 
To this goal, Ghadhiri’s group has reported the use of a solid support-based method with 
excellent results including a peptide substituted NDI.265 
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Imide substitution, while significant, has little impact on the optical or electronic properties of 
the NDI. However, core substituted NDIs (c-NDI) have been important in the development of 
fine control over these properties, with 2,6 and 2,3,6,7 substitution the most common. While c-
NDIs were reported in the 1930s,266 efficient syntheses only began to emerge around 2000.267 
Aryl, thiophene, and cyano groups have all been substituted onto the core aiming to improve 
the NDI performance as a dye.268, 269 In general, the NDIs are halogenated (chlorine or bromine), 
with a preference for bromine as it is a milder reagent.270 
NDIs have seen widespread use in supramolecular chemistry.262 The aromatic core enables 
stacking via π-π interactions and in conjunction with the four polar carbonyl groups creates 
molecules that are soluble in low polarity and polar aprotic solvents.271  A significant quantity of 
work has been published in this area with a bewildering array of assemblies. Aside from π-π 
stacking, H-bonded, hydrophilic and hydrophobic assemblies have also been reported. 
In systems utilising the anion-π interaction, NDIs are often used as the π-system because of 
their fluorescence and solubility. Guha reported a highly selective, turn-on fluoride ion sensor 
that utilises colourless NDI cores and the anion-π interaction.272 Both a single NDI unit, and a 
two NDI linked unit showed a colorimetric response to the presence of fluoride ions. The 
response was confirmed as anion-π by ESI-MS and EPR spectroscopy. Matile’s group has 
reported asymmetric anion-π catalysis with control over the selectivity by the π-acidity of the 
catalyst.273 
In biomedical applications, their large planar surfaces and chemical accessibility make them 
excellent candidates to compete with transcription factor proteins to modulate the 
transcription of genes.274 
1.3.1  Metal organic frameworks and coordination polymers involving NDIs 
Metal organic frameworks and coordination polymers containing NDIs have seen intermittent 
research interest compared to broader supramolecular systems.275 
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1.3.1.1  Pyridyl functionalization  
Pyridyl substituted NDIs are versatile ligands, and constitute the largest family of coordination 
compounds. The most common is N,Nʹ-di-4-pyridylnaphthalenetetracarboxydiimide, which has 
seen extensive use in mixed-ligand systems.276-278 It has been combined with carboxy-
substituted porphyrin279 and naphthalenes280 to form layered systems, with the NDI acting as a 
pillaring agent. It has also been used in systems with carboxylate ligands as a pillaring agent. 
This approach can generate a wide variety of structures,281 and by using more flexible linkers 
between the pyridyl functional group and the NDI core, a range of different conformations of 
the MOF structure can be synthesised,282 as shown in Figure 1.19.  
 
Figure 1.19 a) Mn(II) (N,N’-di(4-pyridylmethyl) naphthalene diimide) MOF. Note the flexibility of the pyridyl group. b) 
Zn2(NDC)2PNDI, NDC= 2,6-naphthalene dicarboxylate, PNDI= (N,N’-di-(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide). 
These mixed ligand networks have demonstrated potential as luminescence sensors174 and 
exhibit hysteretic gas absorbance.283 Both networks function by exploiting the structural 
changes that the networks undergo as they adsorb gas with the interpenetrated frameworks 
moving relative to each other (compare with Figure 1.15). 
b) a) 
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Core substituted pyridyl networks have also been reported by Modarelli’s group. He 
synthesised a series of coordination polymers by reacting Ru(II), Fe(II) and Co(II) with bis(4-
phenyl-2,2:6ʹ,2ʺ-terpyridine-NDI to form supramolecular nanorods with lengths up to 8μm.284  
1.3.1.2  Carboxylate functionalization 
Several carboxylate NDI networks have been reported with 
benzoimidephenanthrolinetetracarboxylic acid (BIPA-TC) (Figure 1.20) being the most prevalent 
ligand.  
 
Figure 1.20 Benzoimidephenanthrolinetetracarboxylic acid (BIPA-TC) 
Its use was pioneered by Cairns, who used BIPA-TC as a molecular building block (MBB) allowing 
the first synthesis of cubo-hemi-octahedral supermolecular building blocks, as shown in Figure 
1.21.285 This MBB approach to BIPA-TC has also been combined with a metalloporphyrin to 
form catalytically active nano-reactors for epoxidation of trans-stilbene.286  
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Figure 1.21 Comparison of 12 node cubo-hemi-octahedral and the SBU from Cairns using carboxyl-NDIs.285 
Its use has also been reported in several other MOFs, including photochromic systems177, 287 
and work exploring a 1D+2D →3D interpenetrated framework.288, 289 Banerjee reported a 
photochromic Mg(II) carboxyl-NDI with fast and reversible solvochromic behaviour, which was 
shown to occur via a radical formation mechanism.177 Banerjee has also reported similar 
networks using Ca(II) and Sr(II) which have possible reusable printing applications.290 
Other notable systems include the 1D cadium(II) coordination polymers synthesised by Boer,  
which have the amino acids alanine or leucine substituted at the imide position. The alanine-
substituted form results in a 1D→2D polycatenated structure, while the leucine substituted 
form does not. 291 
Apart from the BIPA-TC compounds, other carboxyl-NDI complexes are relatively unexplored. 
An inclusion complex, in that no π–π stacking interactions involving the NDIs are occurring, using a 
carboxylic-terminated NDI ligand(3,3'-(1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8] 
phenanthroline-2,7-diyl)dipropionic acid) between two encapsulating nickel(II) 
metallocavitands has been reported.292 More recently, a zinc(II) N’-Di-(2,6-dimethyl-4-benzoic 
acid)-1,4,5,8-naphthalenetetracarboxydiimide network has been used to  demonstrate the 
efficiency of supercritical processing to increase surface area.,293  
1.3.1.3  Phosphonate functionalization 
While phosphonate substituted NDIs have been reported in the literature260, 294-296 their use in 
metal organic complexes is extremely limited with the only reported bulk compound being a 
Ni(II) layered organic-inorganic NDI diphosphonate (See Figure 1.22).297 Structural 
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determination proved problematic with PXRD suggesting a layered pillared structure. The 
compound demonstrated an antiferromagnetic exchange interaction between nickel ions at 
low temperatures (21K). Other than this, the literature has focused on phosphonoethyl-NDIs in 
thin film applications to facilitate attachment to, and functionalization of, surfaces.298, 299 
 
Figure 1.22 N,Nʹ-di(2-phosphonoethyl)-1,4,5,8-naphthalene diimide used in references.297-299 
1.3.1.4  Other substituents 
Acetylene-NDIs have been used to make several Pt(II) complexes. These can undergo 
photoinduced charge separation and have been extensively explored for this purpose with 
application to solar energy capture in photovoltaic cells.300 
Several pyrazolyl-NDIs have been synthesised. Wade reported a series of thin film MOFs, 
created from Zn(II) and core-substituted di-(pyrazolyl) naphthalene diimides which 
demonstrated colour changes during electrochemical cycling. These MOFs have also been 
tuned to maximise their gas adsorption properties.301, 302 
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1.4  Tetraphenylethene 
Luminescent materials with high efficacy are sought after for applications in organic light 
emitting diodes (OLEDs), labelling of biomolecules, sensing and other optical applications.  
Upon aggregation, a luminophore can change its absorption and emission characteristics. 
Aggregation-caused quenching (ACQ) is well documented, with the first report being from 
Forster in 1954,303 with the mechanism and behaviour of this phenomenon now well-
understood.  
1.4.1  Aggregation induced emission (AIE) in tetraphenylethene 
Most luminophores contain aromatic functional groups and as they begin to aggregate, they 
experience intermolecular π-π stacking of the planar aromatic moieties. This allows the excited 
states of these aggregates to decay through non-radiative means, thus quenching the 
luminescence (ACQ). The majority of known luminophores undergo this effect. 
 A more recent discovery is the related phenomenon of aggregation-induced emission (AIE). In 
contrast to ACQ, AIE luminophores are non-emissive when dispersed in solution. It is only when 
they begin to aggregate, that they begin to emit. Tetraphenylethene (TPE), shown in Figure 
1.23, is a well-known luminophore that exhibits the latter behaviour.  
 
Figure 1.23 Tetraphenylethene 
In solution, TPE does not emit, because upon excitation of individual TPE molecules, the 
extensive aromatic delocalization is interrupted by the torsional motion (incipient rotation) 
about the central ethene double bond, which has been opened to a “single bond” (See Figure 
1.24), also note the π-π* electronic transition which removes the π bond, thus allowing rotation 
about the C-C single, sigma bond, as illustrated in the molecular orbital diagram in Figure 1.25 
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for the ground and excited states of the TPE ethene centre. The photon energy is converted 
into thermal energy via rotation/twisting of the phenylene rings. This does not occur when the 
TPE molecules aggregate together due to the π-π stacking limiting torsional movement, and 
hence, the fluorescence phenomenon “switches on”.  This behaviour is generally termed 
‘restricted intramolecular rotation’ (RIR).304 
 
Figure 1.24 Rotation of the phenyl groups around the central bond of an excited TPE molecule. 
 
Figure 1.25 Molecular orbital diagrams of the ground state and excited state of the TPE centres.305 
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The addition of ligating functional groups to the TPE core can alter the AIE behaviour when 
metal ions become bound. For example, tetra(4-pyridylphenyl)ethene (Py4-TPE) is not 
fluorescent in solution, but when Hg(II) ions are added, the AIE is turned on. This arises because 
in these systems, once the functional groups coordinate to the metal ions, the TPE core 
experiences a greater restriction to rotational motion and so this relaxation mode is 
unavailable, and the complex begins to fluoresce.306 
1.4.2 Metal organic frameworks involving TPE 
Aggregation induced emission compounds, in particular those based on TPE, have recently been 
used to synthesise luminescent MOFs. The most widely used are carboxylate functionalised TPE 
ligands. A series of Zn(II), Cd(II) and Co(II) based MOFs utilising (tetrakis(4-
carboxyphenyl)ethene) have been designed.307 These MOFs have demonstrated fluorescence in 
line with known closely-packed molecular aggregates.  An extended TPE linker also 
demonstrated AIE behaviour when used with Zr(IV) to form a MOF.308 This network was able to 
achieve a solid-state Φ of 99.9%. In addition, the fluorescence of the free ligand was 
significantly blue-shifted. It is hypothesised that in the MOF the conjugation of the ligand is 
reduced, leading to a larger energy gap between the HOMO and the LUMO, thus causing a 
blue-shift in the emitted light.  
Dicarboxylic TPE has also seen widespread use, and reaction with zinc nitrate leads to a porous 
2D MOF with a surface area of 1234m2 g-1, decorated with pendant phenyl groups and a ΦFL of 
79%.183 On the basis of these properties, it was used as a sensor for volatile organic compounds 
as were some of the tetracarboxylic TPE networks. Similar TPE networks have also seen use in 
explosive sensing; most notably for 2,4,6-trinitrophenol, 2,3-dimethyl-2,3-dinitrobutane and 
dinitrotoluene.309 310 
Kapadia and Pigge explored the potential for tetrapyridyltetraphenylethene(Py4-TPE) to form 
supramolecular aggregates.311 They reported the solid-state properties of Py4-TPE-perchlorate 
salts and halogen bonded networks of the Py4-TPE.312, 313 Wang utilised Py4-TPE with 
platinum(II) triflate and 4,4’bipyridine to form a mixed-ligand metallacage.314 Kilbas also 
reported a solvent responsive cage using Ru(cymene) and Py4-TPE.315 Zhao reported several 
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coordination polymer isomers using CuI and Py4-TPE and controlling their morphology using 
DMF and poly(ethylene glycol).316 One of these proved promising as a material to capture 
iodine.  
Several MOFs have been described utilising Py4-TPE in mixed-ligand systems. One of the most 
promising applications involves the use of benzene-1,3,5-tricarboxylate(btc) and Py4-TPE to 
form organic WLED (White Light Emitting Diode) networks.317 In the last year, the Li group has 
further expanded on this work and described a series of mixed ligand networks utilising three 
distinct dicarboxylic acids (4,4-biphenyldicarboxylate, 9-oxo-9H-fluorene-2,7-dicarboxylic acid, 
9,10-anthracenedicarboxylic acid) in sensing applications.318-320 This includes the sensing of 
mycotoxin, carbon tetrachloride and heavy metals and demonstrates the versatility of the Py4-
TPE ligand. Zhao has reported a similar Cd(II) network also utilising 4,4-biphenyldicarboxylate 
and Py4-TPE with a similar structure but increased interpenetration relative to the 
aforementioned network.321 This new network was utilised as a sensor for VOCs.     
Similarly, tetrakis(4-pyridyl)methane has been used to create potential nonlinear optical 
devices.322 When combined with Ag(I) it forms a porous network with hexagonal pores. It was 
also used with cobalt to form a 1D complex.323 Extending this combination to the 
tetrapyridyltetraphenylmethane ligand has led to its use with copper(II) to synthesise two novel 
MOFs.324 Carboxylic substituted tetraphenylmethane networks also exist.325 
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1.5 Synopsis and rationale of current work 
The main aims of the investigation described in this thesis were:  
(1) To synthesise and characterise a series of novel phosphonato-naphthalene diimide 
MOFs or coordination polymers, so chosen to utilise the bulky planar nature of the 
naphthalene diimides, and to provide rigid platforms on which to construct extended 
structures.  
(2) To synthesise and characterise a series of tetrapyridyltetraphenylethene coordination 
polymers (CPs) and MOFs 
(3) To explore the role solvent and structural-directing agents have on the formation of 
these coordination polymers (CPs) and MOFs 
(4) To expand the tetrapyridyltetraphenylethene MOF series by including carboxylate 
linkers to create mixed-ligand systems  
(5) To evaluate the utility of any MOFs isolated as possible sensors or gas adsorbants.  
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In chapter III, two novel barium phosphonate naphthalene diimide compounds are described. 
The ligands were generated from their ester precursors via in situ deprotection under 
solvothermal conditions. A crystalline phosphonate monoester network formulated as 
[Ba(H2O)3(Et2NDI-BP)] was isolated and fully characterised, while a tetraphosphonate 
compound was characterised via FTIR, XPS, PXRD, TGA and fluorescence spectroscopy.  
Chapter IV describes the preparation of several tetrapyridyltetraphenylethene derivatives 
formulated as [M(Py4-TPE)Cl2]•4TCE, where M= Mn(II), Ni(II), or Cu(II); and [Zn2(Py4-
TPE)Cl4]•4TCE for Zn(II). These were fully characterised via FTIR, PXRD, SCXRD and TGA, and 
were examined for their adsorptive and optical properties as relevant to potential applications.  
Chapter V describes the behaviour of the zinc(II) porous coordination polymer, [Zn2(Py4-
TPE)Cl4]●4TCE to act as a fluorescent sensor for selected volatile organic compounds.  
Chapter VI describes the use of two dicarboxylic acids, (1R,3S)-(+)-camphoric acid (H2cam) and 
benzene-1,4-dicarboxylic acid (H2BDC), to act as pillaring agents in the synthesis of two further 
mixed-ligand zinc Py4-TPE networks. 
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CHAPTER II 
MATERIAL AND METHODS 
2.1 Materials 
All materials were used as received, without further purification, and are general purpose 
reagents unless otherwise stated. 
 
2.1.1 Reagents: 
5-nitroisophthalic acid 
4-nitrobenzoic acid  
BH3-THF 
Phosphorus tribromide 
Tetra-(4-bromo-phenyl)ethylene   
1,4,5,8-Naphthalenetetracarboxylic 
dianhydride 
1M aqueous HCl 
Hexachlorobenzene 
1,2,4,5-tetrachlorobenzene 
Tetrabromotetraphenylethene 
Tetrabromotetraphenylmethane 
4-Pyridylboronic acid 
Dimethoxyethane 
Tetrakis(triphenylphosphine)palladium(0)  
Palladium on carbon 10 wt% 
Anhydrous magnesium sulfate 
Na2CO3/NaHCO3 buffer  
 
Manganese(II) chloride tetrahydrate 
Copper(II) chloride dihydrate 
Nickel(II) chloride hexahydrate 
Nickel(II) nitrate hexahydrate 
Zinc(II) chloride 
Aluminum(III) chloride hydrate 
Zinc(II) nitrate tetrahydrate 
Barium(II) bromide dihydrate 
Strontium(II) bromide dihydrate 
Magnesium nitrate hexahydrate 
Zinc(II) sulphate heptahydrate  
Malic acid 
Malonic acid 
Methylenediphosphonic acid   
(1R,3S)-(+)-camphoric acid  
Benzene-1,4-dicarboxylic acid 
Benzene-1,3-dicarboxylic acid 
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Triethyl phosphite 
N-(1-naphthyl)ethylenediamine 
dihydrochloride 
Sulfanilic acid  
Vanadium(III) chloride  
Benzene 
m-Xylene 
Toluene 
Nitrobenzene 
Anisole 
Chlorobenzene 
Iodobenzene 
2,4-Dinitrotoluene 
2.1.2 Solvents: 
2,3-dimethyl-2-butene 
Tetrachloroethene 
Ethanol 
Methanol 
Milli-Q water 
Chloroform 
Hexane 
N,N’-dimethylacetamide (DMA) 
Ethyl acetate 
Dichloromethane 
Diethyl ether 
 
2.1.3 Gases: 
Ultra-high purity CO2, H2, 
CH4, N2 and He were 
purchased from BOC or 
Air Liquide. Helium was 
used as an inert gas for 
sorption studies. Nitrogen 
was used for inert 
atmosphere reactions 
 
 
 
2.1.4 NMR solvents: 
Deuterated chloroform 
Tetramethylsilane 
Deuterium oxide 
Deuterated methanol 
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2.2 Experimental methods 
2.2.1 Introduction 
Details are given herewith on the methods used to synthesise the ligands, and the coordination 
polymers and metal organic frameworks in this study. All materials were used as received, 
unless otherwise stated and their details are given in the materials section.  
The techniques used to characterise the materials synthesised during this study are also 
discussed in this chapter. These include; NMR (1H and 13C), FTIR, Raman and fluorescence 
spectroscopy, thermogravimetric analysis, X-ray photoelectron spectroscopy, X-ray diffraction 
(powder and single crystal), gas adsorption studies including BET studies, ion chromatography 
and UV-visible spectroscopy. The analytical procedures used to characterise the materials are 
also described.  
2.2.2 Synthetic methods 
Two methods were used for the synthesis of the coordination polymers and metal organic 
frameworks in this work, namely solvothermal and solution layering.  
For the solvothermal method, the chosen ligand/s and metal salts were dissolved in a water 
and ethanol solution, the solution was then transferred to a Teflon vessel and placed into a 
stainless-steel autoclave (Figure 2.1). Both vessels were then sealed with a Teflon top followed 
by a stainless steel screw lid.  The autoclave was then placed in a ramping oven programmed to 
heat the sample to the desired temperature (80-140°C) for a period of time (12-60hrs) and then 
to cool the sample at a controlled rate (0.19-0.03°C /min) to room temperature. After the 
reaction was complete the autoclave was opened and the resultant product removed by 
centrifugation. The product was then washed with room temperature water/ethanol, in original 
ratio, to remove unreacted contaminants. Specific reaction conditions are detailed where 
appropriate. The starting point metal to ligand ratio was based on similar syntheses in the 
literature and was optimised by trial and error in a systematic approach.  
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Figure 2.1 Stainless steel autoclaves used. Note the Teflon internal vessel 
The solution layering method was used for the preparation of the Py4-TPE derivatives and 
involved dissolving the ligand and the metal salt in separate aliquots of different solvents. The 
lower density solution was then carefully layered on top of the higher density solution and the 
reactants allowed to diffuse to the liquid interface, where reaction occurred over time at 
ambient temperature and pressure (1 day - 2 months) (Figure 2.2). This was performed in a 
sealed 20mL vessel and stored in a quiet, cool place.     
 75 
 
 
Figure 2.2 Diagram of layering method 
2.2.3 Characterisation techniques 
After isolation, each compound was characterised using several of the following techniques.   
2.2.3.1 NMR spectroscopy 
NMR (nuclear magnetic resonance) spectroscopy uses the magnetic properties of certain 
atomic nuclei.  NMR spectroscopy was used to confirm the presence of the ligands and to 
elucidate their molecular structure.  
Method: 
Using a Bruker 300MHz NMR spectrometer, proton nuclear magnetic resonance (1H-NMR) 
spectra and carbon nuclear magnetic resonance (13C-NMR) spectra were recorded at 300 MHz 
and 75 MHz, respectively. Chemical shifts were recorded as δ values in parts per million (ppm) 
relative to tetramethylsilane for 1H-NMR, and the 13C resonance in tetramethylsilane for 13C-
NMR. 1H-NMR spectra were collected over 4 minutes with 32 scans taken for each sample. All 
13C-NMR spectra were collected with full proton decoupling and were collected over 10.5 hours 
with 10240 scans taken for each sample. No spinning was applied.   
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2.2.3.2 FTIR spectroscopy 
FTIR (Fourier Transform Infrared) spectroscopy utilises the absorbance of infrared light to 
determine the presence of functional groups in a molecule. The vibrations of organic 
compounds occur at characteristic wavelengths that are known as resonant frequencies. A 
molecule that absorbs in the infrared must undergo a change in dipole moment upon vibration. 
These vibrations can take a multitude of forms and their energy (E) is inversely proportional to 
the wavelength (λ) of the absorbance: 
ܧ ߙ 1λ 
which is generally expressed in wavenumber (cm-1). There are two broad categories of 
molecular vibrations: stretching vibrations, which involve bond length changes, and bending 
vibrations involving a change in bond angles. When describing the frequency of these 
vibrations, symbols are used as a short hand for several of these categories. Unfortunately, 
there is no IUPAC nomenclature that is universally observed.  Relevant to these studies: ν is 
used for stretching vibrations, γ is used for rocking modes and δ is used for deformation modes 
including scissoring, wagging and bending.   
In practice, this allows for the analysis of samples by passing a beam of infrared light through 
the sample over the range 4000-650cm-1 and measuring the absorbance at each wavelength 
using a Fourier transform instrument. In this work, FTIR was used to determine the presence of 
the ligand and, if possible, any other chemical species present, such as occluded solvent. It also 
enabled the observation of changes to the bonding modes of functional groups. This procedure 
was also used as a bulk screening method to demonstrate the success or failure of a synthesis.    
Method: 
FTIR spectra were collected on a PerkinElmer Spectrum 100 FTIR spectrometer at room 
temperature. The sample was mounted using an attenuated total reflectance (ATR) attachment 
for solid samples. Small amounts of the analyte (enough to fully cover the crystal, about 1-2mg) 
were placed on a highly refractive crystal (diamond) and then 60N of force was applied via the 
top plate. A background FTIR spectrum was recorded of air, prior to the sample spectrum, thus 
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enabling the cancellation of background vibrations due to air in the sample spectrum. The 
sample spectrum was corrected for a stable baseline. The FTIR spectra were acquired using the 
PerkinElmer Spectrum 10TM software suite in the range 4000-650cm-1, taking 8 scans/sample 
at a resolution of 2cm-1. 
2.2.3.2 Raman spectroscopy 
Raman spectroscopy utilises inelastic or “Raman” scattering of monochromatic light. This is 
based on the inelastic scattering of incident radiation by the electron cloud of molecules. The 
majority of radiation scattered has a frequency identical to the incident radiation (νi) and is 
refered to as Rayleigh scattering. Scattering with a divergent frequency is referred to as 
“Raman” scattering and is significantly less likely. This scattering can be divided into higher than 
incident frequency (Stokes)(νi + νmolec) and lower than incident frequency (anti-Stokes) (νi - 
νmolec). The frequencies by which the incident beam is modified (+ νmolec) are the vibrational 
frequencies of the molecule. for infrared radiation, the excitation of a vibration is related to a 
change in the electrical dipole moment during the vibration, whereas for Raman scattering of 
incident radiation to occur, there must be a charge in the polarizability of the molecule during 
vibration. Raman spectroscopy is mainly utilised for non-polar bonds and gives an intense 
response, while infrared spectroscopy gives an intense response for polar bonds. Thus IR 
inactive frequencies can often be observed via Raman.   
Although infrared spectroscopy is often preferred to Raman spectroscopy, Raman spectroscopy 
has several advantages. Raman spectroscopy can be complimentary with FTIR for symmetrical 
species (ethane, tetrachloroethene). It is easier to use over a wider range of frequencies. It is 
also often simpler because it lacks some overtones and combination modes. In this work, 
Raman was used to clarify the presence of occluded solvent (C2Cl4) that could not be absolutely 
determined via FTIR analysis.   
Method: 
Raman spectra were collected on a RamanStation 400F Raman spectrometer at room 
temperature. The sample (5-10mg) was mounted on a glass slide in the solid state. The Raman 
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spectra were acquired using the Spectrum software suite in the range 3200-200cm-1, taking 10 
scans for 1 second at a resolution of 4cm-1. 
2.2.3.3 Fluorescence spectroscopy 
Fluorescence spectroscopy analyses the delayed emission of light by a sample after excitation 
at a particular wavelength. The absorbance of light will excite molecules from the ground 
electronic state to a higher energy electronic state. The molecule rapidly (femtoseconds to 
picoseconds) decays to the lowest vibrational level of the excited state in an internal 
conversion. The loss of energy during this internal conversion is what causes the “Stokes” shift, 
where fluorescence photons are longer in wavelength (lower in energy) than the excitation 
wavelength. The fluorophore remains in the lowest vibrational level of the excited state for a 
period, measured in nanoseconds, referred to as the fluorescence lifetime. When the excited 
state persists for longer time periods (seconds, hours) the emission is termed phosphorescence. 
When the molecule returns to the ground state, it emits a photon. The wavelength of the 
fluorescence photon is related to the excited state that generated it.  Thus, by analysing the 
frequencies of emitted light from a sample excited at a specific wavelength, we can determine 
the structure of the different vibration levels (Figure 2.3).   
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Figure 2.3 Jablonski energy diagram of fluorescence. The curved lines represent internal conversion. 
The quantum fluorescence yield (ΦFL) is the ratio of fluorescence photons emitted (Ii), to the 
number of incident photons absorbed (Ia), expressed by the relationship ΦFL = Ii / Ia.  The most 
reliable method of calculating ΦFL is by using a known standard sample with established ΦFL and 
then using the same experimental conditions for the target sample:  the ratio between the 
known standard and the target sample’s intensities will then be identical to the ratio between 
the quantum yields, i.e. 
Φௌ
Φோ
 =  ܫௌܫோ
 × (1 − 10
ି஺ೃ)
(1 − 10ି஺ೄ)  ×
݊ௌଶ
݊ோଶ
  
Where Φ = the quantum yield, I = intensity, A = absorbance, s = sample, r = reference and n = 
refractive index. 
In practice, it is also necessary to incorporate correction factors in the equation to account for 
self-quenching and the refractive index of the solvent for liquid samples. 
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Method: 
Fluorescence spectra were collected on a FluoroMax-4 spectrometer. The sample was ground 
to a fine powder and excited by exposure to radiation of a fixed wavelength, and 
simultaneously monitored for emitted light. Thus, by varying the excitation wavelength, an 
ideal excitation wavelength can be chosen at which the emission is maximised, and then an 
emission spectrum recorded. For solid state samples, 5mg of sample was excited at 
wavelengths from 300nm-450nm, and the resulting emission monitored from 300-650nm. The 
sample was analysed using the HORIBA Jobin Yvon FluorEssence software. The spectra were 
corrected for Rayleigh and Raman scattering. This enabled both the fluorescent behaviour of 
the networks to be recorded and enabled appropriate wavelengths to be chosen for monitoring 
sensing behaviour.   
To identify the ideal excitation wavelength, [Zn2(Py4-TPE)Cl4] and the ligand were excited at 
wavelengths ranging from 300-500nm at 4nm intervals. This allowed for the selection of an 
appropriate excitation wavelength. The wavelengths were selected via a survey to determine 
the wavelength that generated the strongest fluorescence. These were determined as 340nm 
for samples exposed to liquid analytes and 400nm for samples exposed to vapour analytes.   
In brief, to determine the fluorescence behavior of the porous coordination polymer(PCP) 
[Zn2(Py4-TPE)Cl4] and any guests, 5mg of the solid sample was excited at either 340nm or 
400nm, and the resulting fluorescence emission monitored from 365-650nm for 340nm 
excitation and 415-650 for 400nm excitation. The spectra were corrected for Rayleigh and 
Raman scattering.  
The activation of [Zn2(Py4-TPE)Cl4] coordination polymer was achieved  by removing the 
clathrated TCE molecules by  heating at 150°C under a high vacuum for 6 hours. The loss of the 
TCE molecules from the pores was confirmed via FTIR and Raman spectroscopy and TGA (See 
section 4.2.6). The bulk material maintains its structural integrity as shown by comparison of 
the PXRD of “as-synthesised” and activated materials (Figure 4.56).   
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2.2.3.4 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was used to analyse the mass loss of samples whilst heating 
at a given rate. Depending on the sample analysed, the amount of occluded solvent can also be 
obtained. The temperature at which mass changes occur can be used to infer the 
decomposition temperature. The combination of these mass changes is used to estimate of the 
thermal stability of the material. Finally, the remaining mass can be used to identify the non-
combustible remnants of the sample. For appropriate samples, the vapour emerging from the 
TGA can be analysed via FTIR and GC-MS to conclusively identify the expelled species.  
Method: 
TGA was performed using a Pyrexis-7 or a Pyris 1 system with approximately 1-2mg of sample. 
The TGA platinum sample pan was washed with acetone and ethanol and then dried prior to 
analysis. The sample pan was weighed after being stabilised, with the furnace raised. The 
furnace was lowered, the sample was added, and the furnace raised again. The mass was then 
recorded prior to heating. The weight of the sample was monitored continuously under 
nitrogen gas whilst being heated from room temperature to 700 or 750°C, at a rate of 5°/min. 
When completed, the percentage loss was calculated for each observed decomposition using 
the Pyris software. The resultant vapour was analysed on a PerkinElmer Frontier FTIR 
spectrometer and a PerkinElmer Clarus GC-MS.  If gas analysis was performed, the resulting 
spectra were compared against NIST 17 mass spectral library for identification.1  
A typical TGA output trace of a solvated MOF (HKUST-1) is shown in Figure 2.4. The weight loss 
occurs in two steps: the first weight loss (22.2%) occurs from 50-200°C as the occluded 
solvent(ethanol/water) is lost, and a second weight loss (46.5%) occurs between 300-350°C as 
the network’s ligand decomposes.  
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Figure 2.4 TGA of HKUST-1/MOF-1992 
 
2.2.3.5 Single crystal X-ray diffraction (SCXRD)  
A crystalline solid has a highly ordered repeating motif which forms a crystal lattice extending, 
effectively, to infinity in three dimensions. It can be composed of organic, inorganic or mixed 
constituents.  The asymmetric unit, (ASU) is defined as the smallest repeating unit which, when 
subject to all the symmetry elements in the structure, generates the atomic arrangement. The 
unit cell is the smallest portion of the crystal that, if repeated in all 3 dimensions, gives the 
atomic arrangement in the compound and is defined by six parameters, three lengths (a,b,c) 
and three angles (α, β, ϒ).  
There are 7 crystal systems (Table 2.1). These can be further sub-divided into 32 possible crystal 
classes, which correspond to the 32 possible crystallographic point groups. These 32 point 
groups are generated by the possible non-translational symmetry operations (rotation and/or 
reflections).   
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Table 2.1 Crystal systems and their required symmetry 
Crystal system Length Angles Required symmetry 
Triclinic a ≠ b ≠ c α≠ β≠ ϒ None 
Monoclinic a ≠ b ≠ c α = β = 90o ϒ ≥ 90o one two-fold axis or a 
one mirror plane 
Orthorhombic a ≠ b ≠ c α = β = ϒ = 90o three two-fold axes or 
one inverse two-fold axis 
Tetragonal a = b = c α = β = ϒ = 90o one four-fold axes 
Trigonal a = b = c α = β = ϒ ≤ 90o one three-fold axes 
Hexagonal a = b ≠ c α = β = 90o ϒ = 120o one six-fold axes 
Cubic a = b = c α = β = ϒ = 90o four three-fold axes 
The lattice planes within a crystal lattice are described by three values (h,k,l) termed the Miller 
indices, such that h, k and l give the intercept of the plane with the unit cell lengths (a,b,c) 
respectively.  
The regular array of atoms in a crystal lattice produces “reflection” planes for X-rays which 
undergo constructive interference as determined by Bragg’s law: 
݊ߣ = 2݀ sin ߠ 
Where λ is the wavelength of the X-rays, d is the distance between the crystal planes, θ is the 
scattering angle and n is a positive integer. This generates a diffraction pattern of spots; each 
spot is termed a ‘reflection’. The extent of scattering is determined by the density of electrons 
in the crystal.  
X-ray crystallography is a powerful technique used to determine the 3D atomic arrangement in 
crystalline materials. X-rays range in wavelength from 100 to 0.1 Å, covalent bond lengths are in 
the range 1-3Å and resolvable diffraction of the x-rays will occur if the chosen wavelength is of 
the same magnitude as the object separation. Thus with a sufficiently large (>0.1mm), defect 
free crystal, it should be possible to generate a usable data set.  
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In a typical procedure, the crystal is exposed to a highly coherent beam of X-rays, the intensities 
of the scattered X-rays generated are recorded usually by a charge coupled device (CCD) and 
the crystal is then rotated to observe new reflections. This is repeated for a large number of 
positions until, ideally, a full data set is created. The wavelength of the X-ray source may be 
varied depending on the nature of the anode.  
The data set is then used to obtain a three-dimensional model of the repeating electron 
density. With this established, several methods can then be applied to obtain an initial phase. 
The most relevant is the Patterson method, which uses the known location of a heavy atom, 
and direct methods: a form of Fourier Transform exploiting known patterns in scattering 
density.  
From these initial solutions, the model can be refined using several possible programs, notably 
SHELX20143-5, OLEX2.246 and to a lesser degree SIR-20147. These structure solutions were 
obtained using SHELXS3 using Olex2 as a GUI. These structures, when complete, were deposited 
in eg. the Cambridge Structural Database (CSD) for all organic, metal-organic and 
organometallic molecules.8 Images provided in this thesis were obtained from the 3D structure 
visualisation software program Mercury 3.9.9  
Non-standard crystallographic results 
For some structures with disordered solvent, a satisfactory refinement cannot be obtained 
even with restrained disorder models. A widely used solution to the case of poorly ordered 
solvent is the use of SQUEEZE in the structure validation program, PLATON.10 This assumes that 
the ordered part of the structure has been correctly and completely modelled, and the excess 
electron density is assumed to lie in the voids.  
A solvent accessible void is defined as a sphere with a radius of 1.2Å that does not intersect the 
van der Waals’ spheres of atoms. In the PLATON program, the volume assigned to a water 
molecule is ~40Å3 and other solvent volumes range from 100-300Å3. When the SQUEEZE 
function is applied, alongside other outputs, the number of calculated electrons per void as well 
as the volume of the voids is reported.  
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Crystal twinning can be a major obstacle to structure determination. It occurs when two 
different domains are joined together by a specific macroscopic symmetry operationa. This 
complicates X-ray crystallography as each domain produce different patterns generating a 
different overall pattern than single crystal diffraction. This twinning should ideally be avoided 
as it adds complications to diffraction experiments. In this work, many twinned crystals were 
eliminated by optical or preliminary diffraction screening. The twin law is defined as the set of 
operations mapping two individuals of a twin. 
Twinned crystals can be grouped into three broad categories: Merohedral, pseudo-merohedral 
and non-merohedral twinning.  
Merohedral twinning is when the twin law is a symmetry operator of the crystal system. It is 
only possible in the trigonal, tetragonal, hexagonal and cubic systems. This leads to perfect 
overlap of all reflections.  As such, each reflection has a contribution from both domains.  
 As with merohedral twins, pseudo-merohedral twinning can be indexed on a single lattice and 
may appear to be single crystals. In pseudo-merohedral twinning, the twin elements are 
pseudosymmerty elements for the lattice of the original. However, the twin lattice has a slight 
deviation from the original and is only quasi-perpendicular to the lattice plane. For example, a 
monoclinic lattice with an angle close to 90° is pseudo-orthorhombic and so has two pseudo 
twofold axes and two pseudo mirror planes. This requires two independent orientation 
matrices and needs to be accounted for during integration.    
In both merohedral and pseudo-merohedral twinning, all reflections are affected by overlap. 
Non-merohedral twins are those where the reciprocal lattices either do not overlap or only 
overlap in certain zones. As such, only some reflections are affected by twinning.  
Method: 
Diffraction intensities were collected on a Bruker APEXII diffractometer with a PHOTON 100 
CCD using Mo- Kα radiation (λ = 0.71073 Å) at 200K. In this work, the crystals were collected 
                                                     
aIt is possible for symmetry unrelated crystals to form aggregates and these are often, incorrectly called twin crystals. This will 
not be addressed in this section. 
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from the mother liquor, coated in paraffin oil and mounted on a glass fibre loop with the oil 
acting as a fixant. The data were corrected for Lorentz and polarization effects. Absorption 
corrections were carried out based on multiple-scanned reflections. Each crystal structure was 
solved by direct methods using SHELXS-2014/7 and refined by full-matrix least square 
refinement on F2, again using SHELXL-2014/7.4 The Olex 2.2 suite was used as a graphic user 
interface (GUI) and as imaging software.6 All non-hydrogen atoms were refined with anisotropic 
displacement parameters. Images were prepared via Mercury 3.9.9 
Crystallographic tables for the compounds prepared in this work are present below the 
synthetic details of each compound in section 2.3-2.6. 
2.2.3.6 Powder X-ray diffraction (PXRD) 
PXRD uses the spacing of atoms to act as a diffraction grating. In a powdered sample, every 
possible orientation is equally probable.  This was generally used to identify the crystalline 
solids present in a powdered material, or their similarity or otherwise to known crystalline 
samples. It was also used to determine if a sample was crystalline and the bulk purity of 
samples. Mercury was also used to generate simulated PXRD patterns for solved single crystal 
structures, and subsequent comparison with known measured patterns followed.9  
Method: 
PXRD patterns were collected under ambient conditions on a Bruker D4 ENDEAVOR automated 
diffractometer, fitted with a Lynx-Eye position sensitive detector, using monochromatised Cu-
KD radiation (λ = 1.5406 Å) and a variable slit size. The sample was ground to a fine powder in 
an agate mortar and pestle. This powder (approximately 5mg) was then mounted on a Si low 
background sample holder and laid flat using a glass slide. This guaranteed a flat, even layer on 
the Si surface.The XRD running conditions were: radiation, Cu-Kα; starting angle, 5o; finishing 
angle, 70o; angle rate of change, 0.0157o/step; time/step: 3sec.  
2.2.3.7 Gas adsorption 
Adsorption is the binding of atoms or molecules to a surface. It is widely used to determine the 
surface area, pore volume and pore size distribution of porous materials. The use of different 
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gases also provides information about the nature of the pores and the surface. The material is 
held at a constant temperature and the pressure is slowly increased until condensation occurs. 
The amount of gas adsorbed can be measured either volumetrically or gravimetrically. This is 
plotted against the equilibrium pressure at a constant temperature and so the plot is an 
isotherm of the gas uptake. There are five types of isotherms (see Figure 2.5).  
x Type I, known as a Langmuir isotherm, is typical for solids where adsorption is limited to 
a single monolayer at the surface of the material. This is typical of microporous solids 
and is characterised by a rapid rise in uptake at low pressures, followed by a long 
plateau corresponding to the filling of the pores, followed by surface adsorption.  
x Type II isotherms are indicative of multilayer formation on the surface and occur when 
the adsorbate has an affinity for the surface. At lower pressures, it is similar to Type I, 
however it does not have the saturation limit found in Type I.   
x Type III isotherms do not exhibit uptake until higher pressures, and have no saturation 
limit. 
x Type IV and V isotherms are variations of Type II and Type III, but with capillary 
condensation. This manifests as hysteresis at moderate pressures. Mesoporous 
materials are typically Type IV.   
 
Figure 2.5 Graph of the five isotherms11  
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The volume of the pores is interpreted as a measure of the free space in the framework. It can 
be calculated, using the BJH (Barrett-Joyner-Halenda)12 method, from the amount of N2 
adsorbed. This assumes that the pores are cylindrical and that the pore radius is the sum of the 
Kelvin radius and the thickness of the film adsorbed. To obtain an accurate result, a gas such as 
N2 with a small quadrupole is used.   
Method: 
Gas adsorption: 
A crystalline sample of the product was transferred to a sample cell and heated overnight at a 
temperature of 250 °C under dynamic vacuum. This pretreatment was used to remove all 
adsorbed materials and the material had previously been shown to be stable to decomposition. 
The activated sample, of weight 85.0 mg, underwent CO2, H2 and CH4 isothermal 
adsorption/desorption measurements. Between measurements, the sample was heated at a 
temperature of 250 °C under dynamic vacuum for a period of two hours. High pressure CO2, H2 
and CH4 volumetric gas sorption data were collected using a Sieverts-type BELSORP-HP 
automatic gas sorption apparatus (BEL Japan Inc.). Non-ideal gas behaviour at high pressures of 
each gas, at each measurement and reference temperature, was corrected. Source data were 
obtained from the NIST fluid properties website.9 Sample compartment temperatures ranging 
from 258–298 K were controlled by a Julabo F25-ME chiller/heater that re-circulated fluid at +/- 
0.1 °C, through a capped, jacketed stainless-steel flask housed within a polystyrene box. A 
calibrated external Pt 100 temperature probe monitored the flask temperature. Cryogenic 
temperatures were maintained with a BEL liquid N2 level controller. Samples were kept at the 
measurement temperature for a minimum of 1 hour after the desired temperature had been 
achieved, to allow full thermal equilibrium to be attained, before data measurement 
commenced. The isosteric heats of CO2 and CH4 sorption were calculated using a least-squares 
fitting of a virial-type thermal adsorption equation that modeled ln(P) as a function of the 
amount of surface excess of gas adsorbed over the measurement temperatures 258 and 273 
K.13 
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2.2.3.8 Elemental microanalysis 
Elemental microanalysis was used to quantitatively identify the organic species present in a 
sample. This was performed by the Campbell Microanalytical Laboratory, Auckland, NZ or by 
IICT, Hyderabad, India. Results were obtained for carbon, hydrogen, nitrogen and, if present, 
halogens. This allowed the bulk stoichiometric composition of the isolated materials to be 
determined.  
2.2.3.9 Ion chromatographic qualitative identification of nitrate 
Ion chromatography (IC) is a process by which various ions are separated based on their 
attraction to a stationary phase. The stationary phase consists of immobilised, ionic functional 
groups with the opposite charge to that of the analyte (cationic for anion chromatography). 
Potential analytes compete with exchangeable counterions in the stationary phase. The column 
is constantly eluted by a 4.2mM Na2CO3/ 1.8mM NaHCO3 buffer as the mobile phase, which 
moves analytes through the column at different rates relative to their different ion charges.    
Method: 
Chromatography was performed on a Dionex ICS-1600 ion chromatography system with the 
column being constantly eluted by a 4.2mM Na2CO3/ 1.8mM NaHCO3 buffer. The system was 
flushed by Milli-Q water before each run.  
The peak at approximately 3.250min was confirmed as nitrate by reference to prepared 
standards (Figure 2.6). For example, dilute solution of the “as prepared” Zn(cam)(HPy4-
TPE)]NO3 compound (1.8mg in 10mL) was prepared in Milli-Q water and examined by IC (Figure 
2.7). The presence of nitrate was clearly observed. However this method was not suitable for 
quantitative analysis due to interference from organic anions.  
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Figure 2.6 Ion chromatograph of the 30ppm NO3- standard. Blue lines along the baseline indicate the range measured. The 
red line represents the baseline used. The time the sample eluted is displayed above. 
 
Figure 2.7 Ion chromatograph of [Zn(cam)(HPy4-TPE)]NO3. Blue lines along the baseline indicate the range measured. The red 
line represents the baseline used. The time the sample eluted is displayed above. Note the weak peaks at approximately 1.9, 
4.52 and 5.64min are fluoride, sulphate and phosphate contaminants, respectively, from the water 
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2.2.3.10 UV-Visible spectrophotometric quantification of nitrate 
The Griess test is a colorimetric test for nitrite. It takes its name from a reaction discovered by 
Peter Griess in 1858.14 In the presence of sulfanilic acid, nitrite forms a diazonium salt, see 
Figure 2.8. A chromophore (naphthylethylenediamine) is then added, usually as a hydrochloride 
salt, creating an azo dye, the concentration of which is directly proportional to the 
concentration of nitrite.15  
 
Figure 2.8 Reaction of sulphanilic acid with nitrite and napthylethylenediamine 
 
For the determination of nitrate, an additional preparatory reduction step is needed.15 
Vanadium(III) chloride in a dilute acid solution was used as the reducing agent to convert 
nitrate to nitrite or nitric oxide, both of which are detected by the Griess reagents. The 
detection limit is 0.002ppm nitrate-N using a 10mm cuvette but in the presence of possible 
contaminants (phosphates, sulphates, significant amounts of organic material), the detection 
limits rise to 0.02ppm nitrate-N.  
Method: 
A saturated V(III) solution was prepared from 0.55g of V(III)Cl3 dissolved in 50mL of Milli-Q 
water. This was done under nitrogen gas to prevent the oxidation of V(III)Cl3 with air. A 100mL 
solution of 0.1% of N-(1-naphthyl)ethylenediamine dihydrochloride(NEED) and a 100mL 
solution of 2% sulfanilic acid solution were also prepared. These were combined in the 
following ratio to create the Griess reagent: 2.5mL saturated V(III) solution, 0.165mL of 2% 
sulfanilic acid, 0.33mL of 0.1% NEED and 20mL Milli-Q water.15 Nitrate standards at 0.5, 1, 3, 10 
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and 50ppm were prepared via sequential dilutions of a 1000ppm stock standard. 0.5mL of each 
sample was then mixed with 4.5mL of the Griess reagent and left to incubate in a dark, cool 
environment for 16hrs. The absorbance of each sample was then measured at 540nm using a 
10mm cuvette on a Cary 60 UV/Vis spectrometer, from which the calibration curve shown in 
Figure 2.9 was obtained. 
A dilute aqueous solution of the camphorate network (1.8mg in 10mL followed by a 1:2 
dilution) was prepared and treated the same as the standards. Calculation based on the 
calibration curve in Figure 2.9 indicated a 1:1 ratio for the NO3- content of the Zn compound. 
The absorbance of the [NO3]ppm  sample was measured as 0.0662. Thus, the measured 
concentration is 5.6ppm compared to a calculated concentration of 5ppm. Given the solvated 
nature of the analyte, this falls within the expected values. 
 
Figure 2.9 Calibration curve for of the detection of Nitrate in [Zn(cam)(HPy4-TPE)]NO3 using colorimetry. The standards used 
were 0.5, 1, 3, 5, 10ppm NO3-. Abs = 0.0704[NO3].  
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2.2.3.11 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy is a commonly used surface analysis technique.  XPS spectra 
are obtained by exciting a sample surface with a beam of X-rays. The energy and number of 
emitted photoelectrons is analysed. This technique can analyse the chemical nature and 
electronic state of elements present in the sample, as well as determine its elemental 
composition.   
Method: 
XPS spectra were recorded using Thermo K-alpha X-ray Photoelectron Spectrometer with 
monochromatic Al Kα (at a pressure better than 1 × 10-9 Torr) . The core level binding energies 
(BEs) were aligned with the adventitious carbon having a binding energy of 285 eV.  All the 
spectra given here were obtained using a 400 μm diameter analysis area. For all measurements, 
a powder was used.   
 94 
 
2.3 Phosphonate Naphthalene Diimides 
2.3.1 Ligand synthesis 
 
Figure 2.10 Synthetic steps of phosphonate substituted NDIs 
2.3.1.1 Synthesis of 3,5-bis-hydroxymethylnitrobenzene (B):16  
 
Figure 2.11 3,5-bis-hydroxymethylnitrobenzene 
A solution of 5-nitroisophthalic acid (10.0gm, 47.36mmol) in 100mL anhydrous THF was cooled 
to 0oC and 2.0 M BH3-THF (4 equiv.) was added dropwise over the period of 1hr. The reaction 
mixture was allowed to warm slowly to room temperature and stirred for another 48hrs. 
Methanol (100mL) was added dropwise into the reaction mixture and the reaction mixture was 
filtered. The filtrate was taken to dryness with a rotary evaporator and the residue re-dissolved 
in ethyl acetate (500mL), washed with saturated NaHCO3, water and brine. The organic layer 
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was dried with anhydrous MgSO4, filtered and the solvent removed to give a yellow solid, which 
was further purified by flash chromatography on silica (elution with 1:1—1:5 hexane/ethyl 
acetate) to afford pure 3,5-bis-hydroxymethylnitrobenzene as a colourless, opaque solid (7.68g, 
88.6% yield).  
2.3.1.2 Synthesis of 3,5-bis-bromomethylnitrobenzene (C): 
 
Figure 2.12 3,5-bis-bromomethylnitrobenzene 
A solution of PBr3 (6.42mL, 68.28mmol) in 10mL anhydrous CH2Cl2 was added slowly to a stirred 
solution of compound B (5.0g, 27.31mmol) in 30mL anhydrous CH2Cl2 at 0oC. The reaction 
mixture was further stirred for 1hrs at 0oC followed by room temperature overnight. It was 
then poured onto crushed ice and extracted with diethyl ether (300mL). The organic phase was 
washed with saturated NaHCO3 solution, brine, and dried over Na2SO4. Removal of the solvent 
and recrystallization with EtOAc-hexane gave 3,5-bis-bromomethylnitrobenzene as an 
analytically pure faint yellow solid (8.02 g, 95.7 % yield).  
2.3.1.3 Synthesis of tetraethyl 5-nitrobenzene-1,3-bis(methylphosphonate) (D): 
 
Figure 2.13 Tetraethyl 5-nitrobenzene-1,3-bis(methylphosphonate) 
A mixture of compound C (5.0g, 16.29mmol) and triethyl phosphite (15mL) was stirred at 80oC 
for 5hrs. The reaction mixture was cooled and the excess triethyl phosphite was evaporated in 
vacuo. The residue was stirred in light petroleum ether (b.p.40-50oC) for 1hrs. The precipitate 
as filtered, washed with hot hexane, and recrystallised with EtOAc/hexane to afford tetraethyl 
5-nitrobenzene-1,3-bis(methylphosphonate) as a colourless, opaque solid (6.33g, 91.8% yield).  
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2.3.1.4 Synthesis of Tetraethyl-1-aminobenzene-3,5-bis(methylphosphonate) (E).17  
 
Figure 2.14 Tetraethyl-1-aminobenzene-3,5-bis(methylphosphonate) 
A solution of compound D (5.0g, 11.81mmol) and 10mg of 10% Pd/C in 20mL of ethanol was 
stirred at 25oC for 12hrs under a H2 atmosphere. The mixture was filtered through a Celite bed, 
washed with 30mL ethanol and purified by flash chromatography (CHCl3: MeOH = 20/1) to give 
tetraethyl-1-aminobenzene-3,5-bis(methylphosphonate) as a thick yellow oil (4.60g, 99.18% 
yield).  
2.3.1.5 Synthesis of N,N’-bis(3,5-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene 
diimide(Et8NDI-TP) 
 
Figure 2.15 N,N’-bis(3,5-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene diimide 
To a suspension of 1,4,5,8-naphthalenetetracarboxylic dianhydride (1.0g, 3.73mmol) in 20mL N, 
N’-dimethyl acetamide (DMA) was added compound E (4.4g, 11.19mmol) under nitrogen 
atmosphere. The mixture was heated to 120oC with vigorous stirring and a clear solution was 
obtained this was further stirred at 120oC for 8hrs. The dark coloured reaction mixture was 
cooled to room temperature and poured into a pre-cooled solution of 100mL of 1M aqueous 
HCl. The resulting suspension was extracted with dichloromethane (2 × 100mL) and the organic 
layer was separated. The organic layer was washed with brine solution (2 × 50mL), dried over 
anhydrous MgSO4 and the solvent removed using a rotary evaporator to obtain crude material 
which was purified by column chromatography (silica gel (100-200 mesh size), CHCl3: MeOH, 
8:2), to afford N,N’-bis(3,5-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene diimide as 
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a dark brown semisolid. (2.36g, 62.1%). 1H NMR (500 MHz, CDCl3) G: 1.26 (t, 24 H), 3.21- 3.26 
(dd, 8H, J =22 Hz), 4.03- 4.09 (m, 16H), 7.24 (s, 4H), 7.41 (s, 2H), 8.8 (s, 4H). 13C NMR (75 MHz, 
CDCl3) G : 16.2, 32.5, 34.3, 62.3, 126.8, 126.9, 128.3, 131.1, 131.8, 133.3, 134.8, 162.5 ESI-MS 
(m/z %): 1043 (100) [M + 2H + Na]+. HRMS: calculated for C46H58O16N2NaP4 = 1041.2634, Found 
(ESI+) [M + Na] = 1041.2686. 
 
2.3.1.6  Synthesis of N,N’-bis(4-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene 
diimide (Et4NDI-BP) 
 
The synthetic procedure was identical to 2.4.1 but using 4-nitrobenzoic acid as the precursor. 
The overall yield was 20.8%. 1H NMR(300 MHz, CDCl3): G = 1.34 (t, 12H, J = 5.76 Hz), 3.31 (d, 4H, 
J = 7.2Hz), 4.24 (m, 8H, J = 6.9Hz), 7.33 (dd, 4H, J = 6.1 Hz), 7.54 (dd, 4H, J = 3.2Hz), 8.8 (s, 4H). 
13C NMR (75 MHz, CDCl3) G : 16.4, 32.7, 34.5, 62.3, 127.0,  127.2, 128.6, 131.0, 131.5, 133.0, 
133.35, 163.0 MALDI: calculated for C36H36O10N2NaP2 = 741.61, Found (ESI+) [M + Na] = 741.22. 
Elemental analysis: calcd for C36H36N2O10P2 = C,60.17; H,5.05; N,3.90. Found C,60.37; H,5.44; 
N,3.77. 
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Table 2.2 Refinement details of Et4NDI-BP 
 Et4NDI-BP 
Empirical formula C18H18NO5P 
Mr 486.56 
Crystal size/mm 0.044 x 0.088 x 1.014 
Crystal color colourless 
Crystal system triclinic 
Space group P-1 
T[K] 200(1) 
a[Å] 5.463(3) 
b[Å] 7.382(4) 
c[Å] 21.145(10) 
α[o] 91.900(9) 
β[o] 96.934(9) 
γ[o] 97.932(9) 
Volume/Å3 837.3(7) 
Z 2 
D[g cm-3] 1.930 
μ[mm-1] 2.497 
F(000) 468 
θmax[o] 25.51 
Reflections collected 7217 
Data/restraints/ parameters   2137/0/260 
Goodness of Fit on F2 1.107 
R1[I>2σ(I)] 0.0527 
wR2(all data) 0.1616 
 
2.3.2  Barium phosphonato naphthalene diimide networks 
2.3.2.1 Triaquabarium(II) (N,Nʹ-bis(4-monoethyl-phosphonatomethylenephenyl)1,4,5,8-
naphthalene diimide [Ba(H2O)3(Et2NDI-BP)] 
50mg (0.069mmol) of Et4NDI-BP and 116mg (0.278mmol) of BaBr2.2H2O were dissolved in 30mL 
of 80:20% EtOH:H2O mixture. The pH of this solution was adjusted to 4.4 via the addition of 3 
drops of 2M HCl. The solution was then ultrasonicated for 15 minutes and placed in an oven at 
room temperature. The mixture was then heated at 120°C for 72hrs, and finally cooled over 
20hrs at 0.08°/min. A yellow brown crystalline solid was produced, which when dried under a 
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N2 atmosphere. This was then washed with a 50:50% EtOH:H2O mixture, to give a yellow 
product in 31% yield with the formula:C32H32BaN2O13P2.   
Elemental analysis: calcd for [Ba(H2O)3(Et2NDI-BP)]+0.5(Et4NDI-BP) = C68H68BaN4O23P3 = C,49.58; 
H,4.16; N,3.47. Found C,49.39; H,4.44; N,3.54. 
Table 2.3 Refinement details of [Ba(H2O)3(Et2NDI-BP)] 
 [Ba(H2O)3(Et2NDI-BP)] 
Empirical formula C32H32BaN2O13P2 
Mr 851.87 
Crystal size/mm 0.093x0.055x0.033 
Crystal color colourless 
Crystal system monoclinic 
Space group P2/c 
T[K] 200(1) 
a[Å] 23.07(5) 
b[Å] 8.802(18) 
c[Å] 8.048(16) 
α[o] 90 
β[o] 90.21(3) 
γ[o] 90 
Volume/Å3 1634(6) 
Z 2 
D[g cm-3] 1.732 
μ[mm-1] 1.386 
F(000) 856 
θmax[o] 23.81 
Reflections collected 10441 
Data/restraints/ parameters   2024/0/231 
Goodness of Fit on F2 1.009 
R1[I>2σ(I)] 0.0929 
wR2(all data) 0.2317 
 
2.3.2.2 Barium/bromide/NDI-TP compound 
84.9mg (0.0833mmol) of Et8NDI-TP and 256mg(0.796mmol) of BaBr2•2H2O were dissolved in 
20mL of 95:5% EtOH:H2O mixture. The pH of this solution was adjusted to 4.0 via the addition 
of 3 drops of 2M HCl. The solution was then ultrasonicated and placed in an oven, where it was 
then heated at 120°C for 120hrs and finally cooled over 12hrs at 0.14°/min. This produced a 
 100 
 
yellow crystalline solid caked on the walls of the Teflon vessel. This was then washed with a 
50:50% EtOH:H2O mixture, to give a yellow product in 31% yield. Given that no formula was 
described, elemental analysis is not attached.  
Complete details of the characterization of these materials are given in Chapter 3. 
2.3.3 Unsuccessful syntheses 
2.3.3.1 Strontinium(II)/N,N’-bis(3,5-phosphonatomethylenephenyl)1,4,5,8-naphthalene 
diimide 
7mg (0.0069mmol) of Et8NDI-TP and 7.11mg (0.02mmol) of SrBr2•6H2O were dissolved in 10mL 
of 95:5% EtOH:H2O mixture. The solution was then ultrasonicated and placed in an oven, where 
it was then heated at 120°C for 36hrs and finally cooled over 24hrs at 0.07°/min. No product 
could be isolated from the resultant clear solution.  
This was repeated with several variations on the ratio of EtOH:H2O mixture, reaction time and 
pH (pH was adjusted by the addition of drops of 2M HCl prior to reaction).  
2.3.3.2 Magnesium(II)/N,N’-bis(3,5-phosphonatomethylenephenyl)1,4,5,8-naphthalene 
diimide 
7mg (0.0069mmol) of Et8NDI-TP and 11.9mg(0.02mmol) of Mg(NO3)2•4H2O were dissolved in 
10mL of 95:5% EtOH:H2O mixture. The solution was then ultrasonicated and placed in an oven, 
where it was then heated at 120°C for 36hrs and finally cooled over 24hrs at 0.07°/min. No 
product could be isolated from the resultant clear solution.  
This was repeated with several variations on the ratio of EtOH:H2O mixture, reaction time and 
pH (pH was adjusted by the addition of drops of 2M HCl prior to reaction).  
2.3.3.3  Manganese(II)/N,N’-bis(4-phosphonatomethylenephenyl)1,4,5,8-naphthalene diimide 
14.3mg (0.02mmol) of Et4NDI-BP and 4mg(0.02mmol) of MnCl2•6H2O were dissolved in 15mL of 
acetonitrile. The solution was then refluxed for 6hrs. The resultant product was identified as 
unreacted starting ligand precusor. 
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2.3.3.4 Magnesium(II)/N,N’-bis(4-phosphonatomethylenephenyl)1,4,5,8-naphthalene diimide 
5mg (0.0069mmol) of Et4NDI-BP and 11.9mg(0.02mmol) of Mg(NO3)2•4H2O were dissolved in 
10mL of 95:5% EtOH:H2O mixture. The solution was then ultrasonicated and placed in an oven, 
where it was then heated at 120°C for 36hrs and finally cooled over 24hrs at 0.07°/min. No 
product could be isolated from the resultant clear solution.  
This was repeated with several variations on the ratio of EtOH:H2O mixture, reaction time and 
pH (pH was adjusted by the addition of drops of 2M HCl prior to reaction).  
2.3.3.5 Aluminum(II)/N,N’-bis(4-phosphonatomethylenephenyl)1,4,5,8-naphthalene diimide 
5mg (0.0066mmol) of Et4NDI-BP and 4.8mg(0.02mmol) of AlCl3•6H2O were dissolved in 10mL of 
80:20% EtOH:H2O mixture. The solution was then ultrasonicated and placed in an oven, where 
it was then heated at 120°C for 24hrs and finally cooled over 36hrs at 0.046°/min. No product 
could be isolated from the resultant clear solution. 
2.4 Tetrapyridyltetraphenylethene 
2.4.1 Ligand synthesis 
To a 250 mL 3-neck flask was added tetra-(4-bromo-phenyl)ethylene (1.00g, 1.54mmol), 4-
pyridylboronic acid (1.44g, 7.02mmol), dimethoxyethane (DME, 75mL), and 25mL of 2M 
aqueous Na2CO3 solution. Tetrakis(triphenylphosphine)palladium(0) (0.35g, 0.31mmol) was 
then added and the reaction heated at reflux for 16hrs. After cooling to room temperature, H2O 
(100 mL) was added which resulted in the formation of a precipitate. This solid was collected by 
filtration and the filtrate was extracted with EtOAc and CH2Cl2. The combined organic extracts 
were dried over anhydrous Na2SO4, filtered, and concentrated.  The remaining residue 
was purified by flash column chromatography to give tetrapyridyltetraphenylethene (Py4-TPE) 
as a yellow solid in a 55.3% yield. 1H NMR (300 MHz, CDCl3) δ 8.75 (m, 8H, J =6.3Hz), 7.45-7.55 
(m, 16H, J =8.2Hz), 7.19 (m, 8H, J =6.1Hz). 13C NMR (75 MHz, CDCl3) G: 121.5, 126.5, 132.1, 
136.8, 141.1, 144.2, 147.6, 150.3 HRMS: calculated for C46H32N4 + H+= 641.27, Found (ESI+) [M + 
H] = 641.27. 
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2.4.2 Synthesis of tetrapyridyltetraphenylethene metal networks 
Full details of characterisation are given in chapter IV.  
2.4.2.1 [Mn(Py4-TPE)Cl2]•4TCE   
[Mn(Py4-TPE)Cl2]•4TCE  was prepared by dissolving 95mg (0.48mmol) of MnCl2•4H2O in 40mL 
MeOH and then gently layering this over a solution of 75mg (0.12mmol) of Py4-TPE in 60mL 3:1 
TCE:MeOH. After 3 days at room temperature, small yellow crystals formed on the walls of the 
vessel. These were separated from the solution by centrifugation at 30,000 RPM for 10 
minutes, and obtained in 46% yield. Elemental analysis: calcd for [Mn(Py4-TPE)Cl2]•3.5TCE  
C,46.28; H,2.28; N,3.92. Found C,46.62; H,2.26; N,3.85. 
Table 2.4 Refinement details of Mn(Py4-TPE)Cl2]•4TCE 
 [Mn(Py4-TPE)Cl2]•4TCE 
Empirical formula C46H32Cl2MnN4,4(C2Cl4) 
Mr 1429 
Crystal size/mm 0.555 × 0.075 × 0.058 
Crystal color Clear yellow 
Crystal system Orthorhombic 
Space group Acaa  
T[K] 200(1) 
a[Å] 23.717(4) 
b[Å] 29.432(5) 
c[Å] 34.422(6) 
α[o] 90 
β[o] 90 
γ[o] 90 
Volume/Å3 24028(7) 
Z 16 
D[g cm-3] 1.581 
μ[mm-1] 1.062 
F(000) 11440 
θmax[o] 25.00 
Reflections collected 229353 
Data/restraints/ parameters   10535/0/698 
Goodness of Fit on F2 1.025 
R1[I>2σ(I)] 0.0875 
wR2(all data) 0.2856 
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2.4.2.2 [Ni(Py4-TPE)Cl2]•4TCE 
[Ni(Py4-TPE)Cl2]•4TCE was prepared by dissolving 29mg (0.12mmol) of NiCl2•6H2O in 40mL 
MeOH and then gently layering this over a solution of 25mg (0.04mmol) of Py4-TPE in 50mL of 
3:1 TCE:MeOH. After 1hr at room temperature, small green crystals began to form at the 
solvent interface. After 3 days, these were separated from the solution by centrifugation at 
30,000 RPM for 10 minutes, and obtained in 66% yield. Elemental analysis: calcd for [Ni(Py4-
TPE)Cl2]•3TCE  C,49.21; H,2.54; N,4.15. Found C,49.26; H,2.49; N,4.06. 
Table 2.5 Refinement details of [Ni(Py4-TPE)Cl2]•4TCE 
 [Ni(Py4-TPE)Cl2]•4TCE 
Empirical formula C46H32Cl2NiN4,4(C2Cl4) 
Mr 1433.64 
Crystal size/mm 0.198 x 0.06 5x 0.024 
Crystal color Clear green 
Crystal system Orthorhombic 
Space group Acaa 
T[K] 200(1) 
a[Å] 23.76(3) 
b[Å] 29.59(4) 
c[Å] 34.48(4) 
α[o] 90 
β[o] 90 
γ[o] 90 
Volume/Å3 24240(54) 
Z 16 
D[g cm-3] 1.571 
μ[mm-1] 1.155 
F(000) 11488 
θmax[o] 24.47 
Reflections collected 46604 
Data/restraints/ parameters   4839/0/572 
Goodness of Fit on F2 0.935 
R1[I>2σ(I)] 0.0830 
wR2(all data) 0.2824 
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2.4.2.3 [Cu(Py4-TPE)Cl2]•4TCE   
[Cu(Py4-TPE)Cl2]•4TCE was prepared by dissolving 27.2mg (0.16mmol) of Cu(II)Cl2•2H2O in 
10mL MeOH and then gently layering this over a solution of 25mg (0.04mmol) of Py4-TPE in 
20mL 3:1 TCE:MeOH. After 1 day at room temperature, small blue crystals formed in situ. These 
were unstable outside of the mother liquor. Elemental analysis proved impossible to obtain as 
the network collapsed upon removal of solvent. 
Table 2.6 Refinement details of [Cu(Py4-TPE)Cl2]•4TCE 
 [Cu(Py4-TPE)Cl2]•4TCE 
Empirical formula C46H32Cl2CuN4,4(C2 Cl4) 
Mr 1438.49 
Crystal size/mm 0.115 × 0.104 × 0.047 
Crystal color Clear blue 
Crystal system Orthorhombic 
Space group Acaa 
T[K]  200(1) 
a[Å] 23.675(3) 
b[Å] 29.299(4) 
c[Å] 34.539(4) 
α[o] 90 
β[o] 90 
γ[o] 90 
Volume/Å3 23958(5) 
Z 16 
D[g cm-3] 1.595 
μ[mm-1] 1.209 
F(000) 11504 
θmax[o] 24.761 
Reflections collected 91110 
Data/restraints/ parameters   9755/34/698 
Goodness of Fit on F2 1.016 
R1[I>2σ(I)] 0.0857 
wR2(all data) 0.3088 
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2.4.2.4 [Mn(Py4-TPE)Cl2]•4(2,3-dimethyl-2-butene) 
[Mn(Py4-TPE)Cl2]•4(2,3-dimethyl-2-butene) was prepared by dissolving 5.8mg(0.03mmol) of 
MnCl2•4H2Oin 5mL MeOH and then gently layering a solution of 5mg(0.0078mmol) of Py4-TPE 
in 6.7mL 3:1 2,3-dimethyl-2-butene:MeOH over the Mn solution. After 14 days, large colourless 
crystals formed on the walls of the vessel. These were separated from the solution by 
centrifugation at 30,000RPM for 10 minutes, and obtained in 27% yield. Elemental analysis 
proved impossible to obtain as the network collapsed upon removal of solvent. 
Table 2.7 Refinement details of [Mn(Py4-TPE)Cl2]•4DMB 
 [Mn(Py4-TPE)Cl2]•4DMB  
Empirical formula C46H32Cl2MnN4,4(C6H12) 
Mr 1103.22 
Crystal size/mm 0.555 × 0.075 × 0.058 
Crystal color Colourless 
Crystal system Orthorhombic 
Space group P2/n 
T[K] 200(1) 
a[Å] 14.5708(13) 
b[Å] 12.2088(12) 
c[Å] 17.3624(17) 
α[o] 90 
β[o] 90.061 
γ[o] 90 
Volume/Å3 3088.63(5) 
Z 4 
D[g cm-3] 1.072 
μ[mm-1] 0.338 
F(000) 1051.0 
θmax[o] 28.391 
Reflections collected 29078 
Data/restraints/ parameters   8880/100/504 
Goodness of Fit on F2 1.108 
R1[I>2σ(I)] 0.0547 
wR2(all data) 0.2081 
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2.4.2.5 [Mn(Py4-TPE)Cl2]•4CHCl3 
[Mn(Py4-TPE)Cl2]•4CHCl3 was prepared by dissolving 4.35mg (0.0225mmol) of MnCl2•4H2Oin 
3mL MeOH and then gently layering a solution of 2.5mg (0.004mmol) of Py4-TPE and 
3mg(0.011mmol) of hexachlorobenzene in 5mL 3:1 chloroform:MeOH over the Mn solution. 
After 14 days, small yellow crystals formed on the walls of the vessel. These were separated 
from the solution by centrifugation at 30,000RPM for 5 minutes, and obtained in 12% yield. 
Elemental analysis: calcd for [Mn(Py4-TPE)Cl2]•2.75CHCl3 C,53.47; H,3.21; N,5.11. Found 
C,53.74; H,3.55; N, 5.26. 
Table 2.8 Refinement details of [Mn(Py4-TPE)Cl2]•4CHCl3 
 [Mn(Py4-TPE)Cl2]•4CHCl3 
Empirical formula C46H32Cl2MnN4,4(CHCl3) 
Mr 1051.35 
Crystal size/mm 0.198 x 0.065 x 0.024 
Crystal color Clear yellow 
Crystal system Orthorhombic 
Space group Pnna 
T[K] 200(1) 
a[Å] 11.996(2) 
b[Å] 19.075(4) 
c[Å] 22.606(4)  
α[o] 90 
β[o] 90 
γ[o] 90 
Volume/Å3 5182.6(17) 
Z 4 
D[g cm-3] 1.421 
μ[mm-1] 0.842 
F(000) 2243 
θmax[o] 26.456 
Reflections collected 49397 
Data/restraints/ parameters   3777/0/329 
Goodness of Fit on F2 1.044 
R1[I>2σ(I)] 0.0959 
wR2(all data) 0.2588 
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2.4.2.6 [Zn2(Py4-TPE)Cl4]•4TCE   
[Zn2(Py4-TPE)Cl4]•4TCE was prepared by dissolving 21.8mg (0.16mmol) of ZnCl2 in 20mL MeOH 
and then gently layering this over a solution of 25mg (0.04mmol) of Py4-TPE in 50mL 3:1 
TCE:MeOH. After 3 days at room temperature, fine yellow crystals formed at the solvent 
interface. These were separated from the solution by centrifugation at 30,000 RPM for 10 
minutes, and were obtained in 69% yield. Elemental analysis for the activated sample: calcd for 
[Zn2(Py4-TPE)Cl4] C,60.49; H,3.53; N,6.17. Found C,60.78; H, 3.59; N, 6.14. 
Table 2.9 Refinement details of [Zn2(Py4-TPE)Cl4]•4TCE 
 [Zn2(Py4-TPE)Cl4]•4TCE 
Empirical formula C23H16Cl2ZnN2 
Mr 456.65 
Crystal size/mm 0.067 x 0.085 x 0.210 
Crystal color Clear yellow 
Crystal system Monoclinic 
Space group C2 
T[K] 200(1) 
a[Å] 19.806(18) 
b[Å] 17.313(15) 
c[Å] 13.509(13) 
α[o] 90 
β[o] 117.299(16) 
γ[o] 90 
Volume/Å3 4116(6) 
Z 4 
D[g cm-3] 0.737 
μ[mm-1] 0.732 
F(000) 928 
θmax[o] 25.49 
Reflections collected 20677 
Data/restraints/ parameters   7613/225/327 
Goodness of Fit on F2 0.867 
R1[I>2σ(I)] 0.0446 
wR2(all data) 0.1229 
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2.4.3 Unsuccessful syntheses 
The successful layering techniques that lead to the [M2+(Py4-TPE)Cl2]•4TCE products were also 
attempted using chloroform, DCM and DMF however no product was observed even after 
several months. 
2.4.3.1 [Mn(Py4-TPE)Cl2] 
This reaction was prepared by dissolving 4.35mg (0.0225mmol) of MnCl2•4H2Oin 3mL MeOH 
and then gently layering a solution of 2.5mg (0.004mmol) of Py4-TPE and 3mg(0.014mmol) of 
1,2,4,5-tetrachlorobenzene in 5mL 3:1 chloroform:MeOH over the Mn solution. No product was 
observed even after several months. After slow evaporation of the solution, a yellow solid was 
observed and identified as the ligand.  
2.5 Tetrapyridyltetraphenylmethane metal networks 
2.5.1 [Ni(Py4-TPM)Cl2] 
Ni(Py4-TPM)Cl2] was prepared by dissolving 15.2mg (0.064mmol) of NiCl2•6H2Oin 5mL MeOH 
and then gently layering this over a solution of 10mg (0.016mmol) of Py4-TPM in 15mL of 3:1 
TCE:MeOH. After 3 hr at room temperature, green crystals began to form at the solvent 
interface. These were separated from the solution by centrifugation at 30,000 RPM for 10 
minutes, and obtained in 92% yield. Elemental analysis: calcd for [Ni(Py4-
TPM)Cl2]•4.5MeOH●0.1TCE C,65.11; H,5.73; N,6.11  Found: C,65.41; H,5.65; N,6.15. 
2.5.2 [Mn(Py4-TPM)Cl2] 
[Mn(Py4-TPM)Cl2] was prepared by dissolving 31.7mg (0.16mmol) of MnCl2•4H2O in 10mL 
MeOH and then gently layering this over a solution of 25mg (0.04mmol) of Py4-TPM in 40mL of 
3:1 TCE:MeOH. After 2 days at room temperature, yellow crystals began to form at the solvent 
interface. These were separated from the solution by centrifugation at 30,000 RPM for 10 
minutes, and obtained in 82% yield. Elemental analysis: calcd for [Mn(Py4-
TPM)Cl2]•2MeO●0.1TCE  C,67.86; H,4.84; N,6.71.  Found: C,68.03; H,4.97; N,6.43. 
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2.6 Tetrapyridyltetraphenylethene/dicarboxylate networks 
Full details of characterization given in chapter VI.  
2.6.1 [Zn(cam)(HPy4-TPE)]NO3 
[Zn(cam)(HPy4-TPE)]NO3 was prepared by dissolving 60.1mg (0.2mmol) of ZnNO3•6H2O, 6.8mg 
(0.01mmol) of Py4-TPE and 20.8mg (0.1mmol) of (1R,3S)-(+)-camphoric acid in 4mL of 1:1 
EtOH:H2O mixture. The solution was then ultrasonicated and transferred to a Teflon lined 
solvothermal ‘bomb’. It was then heated at 120°C for 48hrs, and then cooled over 20hrs at 
0.10°/min and the product isolated as a yellow, opaque solid by centrifuge at 30,000RPM for 10 
minutes, resulting in a 43.1% yield. Elemental analysis: calcd for [Zn(cam)(HPy4-
TPE)]NO3•12.5H2O C,56.44; H,6.02; N,5.88.  Found: C,56.42; H,6.46; N,5.58. 
Table 2.10 Refinement details of [Zn(cam)(HPy4-TPE)] 
 [Zn(cam)(HPy4-TPE)] 
Empirical formula C56H46N4O4Zn 
Mr 904.36 
Crystal size/mm 0.440 x 0.123 x 0.034 
Crystal colour Yellow 
Crystal system Orthorhombic 
Space group Fdd2 
T[K] 200 
a[Å] 39.46(2) 
b[Å] 62.69(4) 
c[Å] 9.218(5) 
α[o] 90 
β[o] 90 
γ[o] 90 
Volume/Å3 22808(24) 
Z 16 
D[g cm-3] 1.054 
μ[mm-1] 0.473 
F(000) 7552 
2θmax[o] 24.887 
Reflections collected 35803 
Data/restraints/parameters  9461/64/589 
Goodness of Fit on F2 0.950 
R1[I>2σ(I)] 0.0835 
wR2(all data) 0.2277 
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2.6.2 [Zn4(BDC)4(Py4-TPE)] 
[Zn4(BDC)4(Py4-TPE)] was prepared by dissolving 60mg (0.2mmol) of ZnNO3•6H2O, 6.8mg 
(0.01mmol) of Py4-TPE and 16.6mg (0.1mmol) of H2BDC in 4mL of a 1:1 EtOH:H2O mixture. The 
solution was then ultrasonicated and transferred to a Teflon lined solvothermal autoclave. It 
was then heated at 120°C for 48hrs, and then cooled over 20hrs at 0.10°/min and the product 
isolated as a colourless solid by centrifuge at 30,000RPM for 10 minutes, resulting in a 24.7% 
yield. Elemental analysis: calcd for [Zn4(BDC)4(Py4-TPE)]•1.5H2O C,58.08; H,3.38; N,3.47.  Found: 
C,58.24; H,3.23.; N,3.76.  
Table 2.11 Refinement details of [Zn4(BDC)4(Py4-TPE)] 
 [Zn4(BDC)4(Py4-TPE)] 
Empirical formula C39H24N2O8Zn2 
Mr 779.42 
Crystal size/mm 0.903 x 0.238 x 0.044 
Crystal colour Colourless 
Crystal system Triclinic 
Space group P-1 
T[K] 200 
a[Å] 10.115(11) 
b[Å] 14.653(15) 
c[Å] 17.220(18) 
α[o] 103.96(2) 
β[o] 102.80(2) 
γ[o] 93.39(2) 
Volume/Å3 2398(4) 
Z 2 
D[g cm-3] 1.079 
μ[mm-1] 1.041 
F(000) 794  
2θmax[o] 23.29 
Reflections collected 12092 
Data/restraints/parameters  6912/0/454 
Goodness of Fit on F2 1.035 
R1[I>2σ(I)] 0.0830 
wR2(all data) 0.2452 
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2.6.3 Unsuccessful syntheses 
2.6.3.1 Isophthalic acid 
This reaction was undertaken by dissolving 60mg (0.2mmol) of ZnNO3•6H2O, 6.8mg (0.01mmol) 
of Py4-TPE and 16mg (0.1mmol) of isophthalic acid in 4mL of a 1:1 EtOH:H2O mixture. The 
solution was then ultrasonicated and transferred to a Teflon lined solvothermal autoclave. It 
was then heated at 120°C for 48hrs, and then cooled over 18hrs at 0.11°/min.  No product 
could be isolated. 
2.6.3.2 Malonic acid 
This reaction was undertaken by dissolving 60mg (0.2mmol) of ZnNO3•6H2O, 6.8mg (0.01mmol) 
of Py4-TPE and 10.4mg (0.1mmol) of malonic acid in 8mL of a 1:1 EtOH:H2O mixture. The 
solution was then ultrasonicated and transferred to a Teflon lined solvothermal autoclave. It 
was then heated at 120°C for 48hrs, and then cooled over 20hrs at 0.10°/min. No product could 
be isolated.  
2.6.3.3 Malic acid 
This reaction was undertaken by dissolving 60mg (0.2mmol) of ZnNO3•6H2O, 6.8mg (0.01mmol) 
of Py4-TPE and 13.4mg (0.1mmol) of malic acid in 8mL of a 1:1 EtOH:H2O mixture. The solution 
was then ultrasonicated and transferred to a Teflon lined solvothermal autoclave. It was then 
heated at 120°C for 48hrs, and then cooled over 20hrs at 0.10°/min. No product could be 
isolated. 
2.6.3.4 Methanediylbis(phosphonic acid) 
This reaction was undertaken by dissolving 60mg (0.2mmol) of ZnNO3•6H2O, 6.8mg (0.01mmol) 
of Py4-TPE and 18.28mg (0.1mmol) of methylenediphosphonic acid in 15mL of a 1:1 EtOH:H2O 
mixture. The solution was then ultrasonicated and transferred to a Teflon lined solvothermal 
autoclave. It was then heated at 120°C for 48hrs, and then cooled over 24hrs at 0.07°/min. A 
known zinc/methylenediphosphonic acid complex was synthesised. This was confirmed via 
PXRD and FTIR.   
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CHAPTER III 
PREPARATION OF TWO BARIUM NAPHTHALENE DIIMIDE 
PHOSPHONATE NETWORKS 
3.1 Summary 
Two novel barium naphthalene diimide (NDI) phosphonate coordination polymers were 
prepared from the ester precursors shown below in Figure 3.1, and identified as: 
N,N’-bis(4-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene diimide (Et4NDI-BP),  
N,N’-bis(3,5-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene diimide (Et8NDI-TP).   
 
Figure 3.1 N,N’-bis(4-diethylphosphonomethylenephenyl)1,4,5,8-naphthalene diimide (left) (Et4NDI-BP), and N,N’-bis(3,5-
diethylphosphonomethylenephenyl)1,4,5,8-naphthalene diimide (right) (Et8NDI-TP).  
Each metal organic compound was synthesised via a solvothermal method utilising an 
ethanol:water solvent mix employing an in-situ deprotection of the ester to form the ligand.  
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3.2 Introduction 
3.2.1 Overview of naphthalene diimide chemistry 
1,4,5,8-naphthalene diimides (NDIs) are planar, robust aromatic compounds possessing the 
core structure shown in Figure 3.2. The synthesis of symmetrical NDIs from 1,4,5,8-
naphthalenetetracarboxylic dianhydride, is a simple, high yielding condensation reaction 
performed in a high boiling point solvent.1 
 
Figure 3.2 Naphthalene diimide structure 
NDIs can be functionalised readily via either the diimide nitrogen sites (R1) or by core 
substitution (R2)(See Figure 3.2).2 The substituents on the diimide can be tuned to offer 
coordinating sites, or groups that alter the physico-chemical properties of the compounds, e.g. 
their optical behaviour. A variety of analogues have been synthesised which, owing to their 
redox-activity and their electronic and spectroscopic properties,3 have found use in a range of 
applications in the organic and materials chemistry fields.4 Indeed, the ease with which NDI’s 
can be prepared and modified suggests even more extensive investigations be undertaken to 
explore their utility, especially in the synthesis of coordination compounds, coordination 
polymers and MOFs.  
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 In this study, the attachment of phosphonate moieties to the NDI was undertaken to explore 
their utility in the preparation of coordination polymers and MOFs. 
3.2.2 Overview of phosphonate chemistry 
Phosphonic acids (RPO(OH)2) possess two acidic protons (Figure 3.3), with the first proton being 
typically very acidic (pKa(1) = 2-3) and the second less so (pKa(2)= 6-9). Thus, the generalised 
speciation diagram in Figure 3.4 indicates that there are two pH dependent equilibria, giving 
rise to speciation changes from the undissociated acid (RPO(OH)2) to the monoanionic form 
RPO(OH)(O-), to the dianionic form RPO(O⁻)2.  
 
Figure 3.3 Protonation states of phosphonates 
 
Figure 3.4 Phosphonic acid speciation 
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Free uncoordinated phosphonic acids have been exhaustively characterised. In the mono-
protonated form, the phosphonate P-O bond lengths exhibit three bond distances: ‘long’ 
(1.56Å), ‘short’ (1.49Å) and ‘intermediate’ (1.50Å). The ‘short’ bond belongs to the P=O and is 
approximately 1.49Å. The long bond is known to belong to the P-O(H) motif and is 
approximately 1.56Å. The intermediate bond (1.50Å) can then be reasonably assigned to the P-
O- moiety. The fully protonated acid is known to have two ‘long’ bonds and one ‘short’ bond. 
From what is known about the mono-protonated form, it is probable to assign these to the P-
O(H) and P=O groups respectively.5 
When phosphonate species combine with a metal ion via a donor covalent bond, a variety of 
bonding configurations are possible, as shown for Ba(II)  in Figures 3.5 and 3.6.  
 
 
 
Figure 3.5 Monodentate and bidentate donor covalent bonds. 
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Figure 3.6 Possible phosphonate bonding environments with 1-4 metal centres. Metal systems containing 5-9 metal ions not 
shown.6 
Several of these bonding models could be present in the structures described later in this 
chapter. Relevant to this work are the model anhydrous systems Sr(AMP) and Ba(AMP)6 (AMP= 
amino-tris(methylenephosphonate)), as shown in Figure 3.7. In the Sr system, one of the 
phosphonate groups acts in a characteristic bridging fashion with a non-bonding P-O(H) group 
not participating. The P-O bond lengths merge as the anionic charge becomes more effectively 
delocalised over the Sr-O-P-O-Sr moiety. As such, it becomes almost impossible to distinguish 
between the P=O and the P-O- groups.  
 119 
 
 
Figure 3.7 Various ligating modes of one of the phosphonate groups in AMP with alkaline earth metals.  
R = ((PO32—CH2)2NCH2) 7 
Metal coordination to a doubly deprotonated phosphonate leads to an elongation in the P-O 
bond lengths.8,9 For example, the P-O bond lengths in the barium phosphonate 
(Ba2[O3P(CH2)3PO3]•3H2O) range from 1.50-1.58Å.10, 11 
Several systematic studies have examined alkaline earth metal to phosphonate oxygen bond 
distances, like those in Figure 3.7. No trends have been observed between the oxidation state 
of the metal and the bond distance. However, there is an observed trend between the ionic 
radius of the metal ion and the bond distance.8 Again, the M-AMP (amino-
tris(methylenephosphonate)) systems are used as an example, as well as the M-HPPA 
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(hydroxyphosphonoacetic acid) system.10,12 As expected, when the radius of the metal ion 
increases, so too do the bond distances. This trend is true for both monovalent and divalent 
metal ions. Such bonding arrangements lead to a change in the position and pattern of the FTIR 
vibrational modes of the phosphonate group. 
Phosphonate metal organic frameworks have attracted interest due to their potential to form 
porous functionalised networks with a variety of applications. However, progress in this area 
has been markedly slower compared to metal carboxylate networks. This can be attributed to 
the more complicated ligating modes of the phosphonate group, and difficulties associated 
with crystallization of the reaction products, making structural characterization uncertain. 
Several approaches have been used to enhance the porosity of these metal phosphonates 
including: bulky poly-phosphonate ligands, secondary phosphonate and other functional group 
ligands or the use of non-pillaring phosphonates. (See section 1.2.7 for a more extended 
discussion)  
NDI was chosen as the ligand core due to its attractive properties (outlined in sections 1.3 and 
3.2.1) and its potential to prevent the characteristic layering of metal phosphonates thus 
generating porosity (See section 1.2.7). While they can potentially form pillars, carboxylate NDIs 
have seen wide use without pillaring.13, 14 A tetra-carboxysubstituted naphthalene diimide was 
demonstrated to form helical chains with calcium. The chains are then crosslinked by the 
naphthalene diimide into a 3D network. This network could then be used as a chromophore.    
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3.3 Synthesis Methodology 
3.3.1 Precursor NDI ligands 
The NDI ligand precursors (as ethyl esters) were synthesised via condensation of 
naphthalenetetracarboxylic dianhydride with either tetraethyl-1-aminobenzene-3,5-
bis(methylphosphonate), to produce Et8NDI-TP; or diethyl-4-aminobenzylphosphonate to 
produce Et4NDI-BP by refluxing in DMA for 8hrs at 120°C. See section 2.3.1 for details of each 
synthesis. 
The phosphonate NDI ligands were used as ethyl esters as a means to allow the development of 
crystallinity and expand the range of possible products. This approach is based on the work of 
Taylor and Gelfand to who used it to enhance water stability.15-17  In the present case it was 
utilised to allow the moderated in situ de-protection of the ester during the reaction.   This was 
intended to allow the gradual introduction of the phosphonic acid during the synthesis and 
provide a degree of control over the self-assembly process, with the gradual evolution of a 
network, and hence the likelihood of obtaining crystalline products. 
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3.3.1.1 Structure of Et4NDI-BP compound 
The Et4NDI-BP ligand precursor was further characterised via SCXRD to enable a definite 
comparison between a definitive simulated PXRD pattern of the ligand precursor and the 
[Ba(H2O)3(Et2NDI-BP)]. See section 2.3.1.6 for the crystallographic details. The PXRD comparison 
is described below in section 3.6.3.  
The ligand precursor (Et4NDI-BP) crystallises in space group P-1. The ASU, shown in Figure 3.9, 
contains half a Et4NDI-BP molecule. The overall stacking is dominated by π-π offset face-to-face 
interactions between the NDI cores.   
 
Figure 3.8 ASU of Et4NDI-BP viewed along the a axis. Hydrogens not shown for clarity. Grey = carbon, orange = phosphorus, 
red = oxygen, blue = nitrogen. 
 
3.3.2 Synthesis and characterization of barium naphthalene diimide co-ordination polymers 
and MOFs  
Synthesis of the Ba(II) compounds ([Ba(H2O)3(Et2NDI-BP)] and a barium/bromide/NDI-TP 
compound) described here involved solvothermal reactions in a H2O: ethanol mixture at 120°C 
for 2-5 days, with metal-to-ligand ratios between 1:1 and 1:10.  
Barium chloride was initially used as the source of the barium(II) ion, but due to its limited 
solubility, the more soluble barium bromide was used, as it enabled a greater range of solvent 
ratios to be examined. To facilitate dissolution, the barium salt was dissolved in the water 
fraction before mixing with the ethanol and then the ligand added.    
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The reaction conditions used in the final synthesis were optimised by trial and error. Longer 
reaction and cooling times were found to increase crystal size. Variation on the H2O:ethanol 
mixture ratio were also explored. The appropriate ratio was crucial and dependent on the 
ligand. While the NDI-TP (tetraphosphonate) coordination complex was successfully 
synthesised using a 5:95 H2O:ethanol ratio, when this solvent mix was used with Et4NDI-BP (di-
phosphonate) as the ligand precursor, the framework did not form. Instead, an amorphous 
powder was obtained. A higher water percentage was required before any crystal formation 
was observed.  
The control of pH was explored as a method to regulate the rate of hydrolysis as well as the 
degree of protonation of the deprotected phosphonate. This was achieved by the addition of 
2M HCl to the reaction mixture before heating, and the pH was monitored before and after 
heating. The optimum pH was found to be 3 prior to heating changing to 2.5 post heating. 
Unadjusted reactions gave lower yields (~5% for NDI-TP).    
Variation in the metal-ligand ratios had no effect on the morphology, yield or nature of the 
products. Both networks formed at an approximately 2:1 ratio of phosphonate ester group to 
barium(II) ion if we assume that each phosphonate is only partially hydrolysed.  
A similar method was followed for the synthesis of [Ba(H2O)3(Et2NDI-BP)], but with an 
ethanol:water ratio of 80:20 v/v and the diphosphonate ester, N,N’-bis(4-
diethylphosphonomethylenephenyl)-naphthalene diimide as the precursor. See section 2.3.2.1. 
This method while successful gave poor yields (5%). Additionally, when scaled up, it was prone 
to coprecipitation of the ligand precursor as seen in the PXRD in section 3.6.3 and the elemental 
analysis. The product was washed with 80:20 v/v ethanol:water after synthesis. With higher 
ethanol concentrations the network would dissolve as well. The metal:ligand precursor ratio 
was also changed to maintain a consistent metal:phosphonate ester ratio. [Ba(H2O)3(Et2NDI-
BP)] was used to refer to the product throughout the thesis.  Given the mixed evidence on 
phase purity, the coprecipitate was included in the molecular formula when appropriate. The 
presence of the coprecipitate was commented upon in the conclusion and when observed 
during characterisation.   
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3.4 Structure of triaquabarium(II) (N,Nʹ- bis(4-monoethyl-
phosphonatomethylenephenyl)1,4,5,8-naphthalene diimide) 
[Ba(H2O)3(Et2NDI-BP)], Et2NDI-BP = C32H26N2P2O10, containing the phosphonate monoester 
ligand, was prepared via a solvothermal process using the tetraester form of the ligand as a 
precursor. It was isolated as small, colourless plates that were air stable and soluble in ethanol. 
The small size and poor quality of the crystals lead to low resolution data collection and this 
should be taken into consideration when examining the results. The crystal also exhibited two-
component pseudo-merohedral twinning (0.655, 0.345) and this was accounted for during the 
structure determination.  
[Ba(H2O)3(Et2NDI-BP)] crystallises in space group P2/c. The ASU, shown in Figure 3.9, contains 
half a Et2NDI-BP ligand, a half-occupied barium metal ion site and two coordinating water 
molecules (one fully occupied(O4) and the other half occupied(O5)). The overall structure 
consists of a 2D sheet with 1D barium phosphonate chains separated by the NDI cores.  
  
 
 
Figure 3.9 ASU of [Ba(H2O)3(Et2NDI-BP)] viewed along the a axis. Hydrogens not shown for clarity. Green = barium(II), grey = 
carbon, orange = phosphorus, red = oxygen, blue = nitrogen. 
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The 7-coordinate barium ion is in distorted pentagonal bipyramid geometry as shown in Figure 
3.10. The coordination around each barium ion consists of four oxygen atoms belonging to four 
monodentate phosphonate groups, and three water oxygens in the equatorial positions. Two 
phosphonate oxygens are also in equatorial positions, with the other two in the distorted axial 
positions. The phosphonate esters have only been partially hydrolysed, with one oxygen on 
each phosphonate group remaining as an ester. Each oxygen of the monodentate phosphonate 
group acts as a μ2-O-bridge (See Figure 3.11 and spans two barium cations, with the water and 
the rotation of the phenyl groups allowing for dense packing, as can be seen in Figure 3.12. The 
monodentate Ba-O length ranges from 2.725(4)-2.814(4)Å, the H2O water distances are 
2.764(4) and 3.064(4)Å respectively. These are in accordance with expected values.18 
In net terminology, the structure can be visualised as a 3D network with the NDI acting as a 4-
coordinate node connecting four barium(II) ions which we can also treat as a 4-coordinate 
node.  This is best described as a 4,4-connected network of PtS topology.  
 
Figure 3.10 7-coordinate tricapped trigonal prism geometry of Ba(II)  ion of [Ba(H2O)3(Et2NDI-BP)] with bond distances 
displayed in Å. Green = barium(II) (II), grey = carbon, orange = phosphorus, red = oxygen, blue = nitrogen. Hydrogens not 
shown for clarity. 
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Figure 3.11[Ba(H2O)3(Et2NDI-BP)] showing the bridging oxygens viewed along the b axis. Hydrogens not shown for clarity. 
 
Figure 3.12[Ba(H2O)3(Et2NDI-BP)] showing the stacking between NDI layers. Viewed along the b axis. Hydrogens not shown 
for clarity. 
 
Each NDI ligand bonds with four barium ions, and the NDI core is separated from the barium 
chains by the phenylene groups in which the orientations of the phenylene planes alternate. 
The π-π stacking between adjacent NDI layers can be clearly seen in Figure 3.13. 
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The NDI cores of [Ba(H2O)3(Et2NDI-BP)] form two dimensional sheets with 3.527(7)Å between 
each sheet. The orientation of the phenylene group alternates between each layer and the NDI 
core undergoes offset face-to-face π-π stacking between the NDI coresb  (See Figure 3.14). The 
centroid-centroid distances were measured at 3.527(7)Å for the OFF interaction with a 3.0(3)o 
angle. This is consistent with strong π-π stacking.  
The structural ordering and arrangement appears to be dominated by these π-π stacking 
interactions. The extended structure resembles a layered solid with alternating columns of 
barium phosphonate chains separated by NDI cores. 
 
Figure 3.13 [Ba(H2O)3(Et2NDI-BP)] showing the stacking between NDI layers. Viewed along the b axis. 
 
 
Figure 3.14 [Ba(H2O)3(Et2NDI-BP)] showing the stacking between NDI layers. Viewed along the c axis. 
                                                     
bThis is measured between a centroid of one of the central naphthalene rings(obtained using the Olex2 MPLN 
command) and a centroid of one of the central naphthalene ring.  
3.527(7) Å 
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3.5 Structure of barium/bromide/NDI-TP compound 
The barium/bromide/NDI-TP compound containing the N,N’- bis(3,5-
phosphonatomethylenephenyl)1,4,5,8-naphthalenediimide (NDI-TP), was prepared via a 
solvothermal process using the octaester form of the ligand as a precursor. The product was 
isolated as a yellow microcrystalline powder that was air stable and freely soluble in water. 
Significant efforts were made to prepare a large enough crystal to attain a SCXRD structure of 
the framework. However, the combination of poor quality crystals and their small size meant 
that this proved unsuccessful. A variety of experimental conditions were used in an attempt to 
maximise crystal size, but with minimal improvements (see section 2.3.2). Hence, unlike 
[Ba(H2O)3(Et2NDI-BP)], a complete structure cannot be reported. Several poor-quality structures 
were obtained but none were of publishable standard. As such, the composition of the 
compound was estimated using XPS, elemental analysis and FTIR, but a precise formula will not 
be postulated. The crystallinity of the sample was confirmed by PXRD.           
An activated form of the compound was obtained by heating under vacuum at 120oC for three 
hours to remove coordinated water and water in possible pores.  This led to the collapse of the 
network as demonstrated by PXRD and FTIR.     
3.6 Characterisation Results and Discussion  
3.6.1 Fourier Transform Infrared (FTIR) spectroscopy  
3.6.1.1 Ligand precursors 
The FTIR spectra of the pure ligand precursors are shown in Figures 3.16 and 3.17 and compare 
well with the literature values of similar compounds.19 
The FTIR of the Et4NDI-BP is shown in Figure 3.16. The weak peaks clustered around and below 
3000cm-1 can be assigned as ν(C-H) stretching from the ethyl group. This is consistent with 
other phosphonate esters. The two strong peaks at 1711 and 1668cm-1 respectively are 
attributed to the ν(C=O) stretch from the imide in the NDI. Both are characteristic of NDIs in 
general and confirm the presence of the NDI. The moderate peaks at 1580 and 1512cm-1 are 
less definitive; they could be aromatic (C-H) stretching from the phenylene ring or the NDI core.   
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The moderate peak at 1345cm-1 as well as the broader, stronger peak at 1245cm-1 are 
consistent with phosphonate esters ν(P=O) stretching.  The peaks at 1022, 970 and 763cm-1 can 
then be assigned to ν(P-O) stretches although with the caveat that the 1022cm-1 contains a 
substantial shoulder at 1044cm-1. This shoulder or the peak itself is from δ(C-H) bending on the 
NDI core. When compared to the FTIR spectrum of the NDI precursor (Figure 3.15) (δ(C-H) 
bending on NDI is present at 1029cm-1), this suggests that the higher shoulder is from the NDI 
core but this is not definitive. The peak at 1187cm-1 is characteristic of γ(P-O-Et) rocking 
vibrations. The in-phase ν(P-O-C) stretch peak at 763cm-1 is also complicated by similar peaks 
from δ(C-H) bending from the NDI core with a highly similar peak at 750cm-1.    
The FTIR of the Et8NDI-TP is shown in Figure 3.17. As expected, the peaks are broadly similar to 
those for the Et4NDI-BP. The ν(C-H) ethyl peaks remain around 2907-2978cm-1. The peaks 
assigned to the ν(C=O) stretch from the imide and the aromatic ν(C-H) stretches are slightly 
shifted (1708, 1667, 1582 and 1510cm-1 respectively). The moderate peak at 1345cm-1 as well 
as the broad, strong peak at 1248cm-1 is consistent with phosphonate ν(P=O) stretching. The 
peaks at 1014 and 960cm-1 can then be assigned to ν(P-O) stretches although with the caveat 
that the 1014cm-1 contains an obscured shoulder. The peak at 1162cm-1, similar to that in 
Et4NDI-BP, is characteristic of γ(P-O-Et) rocking vibrations. Finally, an in-phase ν(P-O-C) 
stretching peak is observed at 764cm-1. 
 
 
Figure 3.15 FTIR spectrum of 1,4,5,8-naphthalenetetracarboxylic dianhydride 
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Figure 3.16 FTIR spectrum of Et4NDI-BP (ligand precursor) 
 
Figure 3.17 FTIR spectrum of Et8NDI-TP (ligand precursor) 
3.6.1.2 Barium coordination compounds 
The FTIR spectrum of [Ba(H2O)3(Et2NDI-BP)], triaquabarium(II) (N,Nʹ- bis(4-monoethyl-
phosphonatomethylenephenyl)1,4,5,8-naphthalene diimide (shown in Figure 3.18) can be 
compared to the precursor ligand in Figure 3.16. Despite all phosphonate groups being co-
ordinated a dry sample would still contain three ligating H2O molecules and this is supported by 
the new peak at 3440cm-1 attributed to the O-H stretch. The weak ester ν(C-H) peaks around 
3000cm-1 are still present which suggest that the deprotection of the phosphonate ester was 
incomplete. The presence of the NDI ligand is confirmed by the presence of NDI core peaks. 
Most notable are the ν(C=O) imide stretches at 1713 and 1669cm-1 and the aromatic stretching 
at 1581 and 1512cm-1. This also means that the interpretations of the phosphonate peaks are 
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complicated by similar peaks. The majority of the phosphonate ν(P-O) and ν(P=O) peaks remain 
very similar with small, incidental shifts. This is expected given the continued presence of a 
phosphonate ester. A notable exception, the ν(P=O) peak at 970 cm-1 has shifted to 950cm-1 
either overlapping or obscuring the aromatic peak at 934cm-1.  
The combination of overlapping peaks and partial deprotection of the phosphonate means that 
limited conclusions can be drawn. The presence of water and the incomplete deprotection of 
the ligand is clearly seen. Otherwise the spectra are highly similar.  
The FTIR spectrum of the barium/bromide/NDI-TP compound (Figure 3.19), shows a strong 
broad band around 3415cm-1, which is attributed to the ν(O-H) from the water molecules both 
coordinated to the barium and possibly occluded in the pores. The ethyl peak of the ligand 
precursor at 2988cm-1 remains, which suggest that the deprotection of the phosphonate ester 
was incomplete. The strong peaks at 1711, 1666 and 1581cm-1 can be assigned to the ν(C=O) 
and aromatic ν(C-H) stretches respectively confirming the presence of the NDI. The peaks 
observed for the NDI core remain unchanged significantly. The shift in the phosphonate peaks 
are similar to that seen for [Ba(H2O)3(Et2NDI-BP)] with the majority of the phosphonate ν(P-O) 
and ν(P=O) peaks also remaining very similar with small, incidental shifts. The ν(P=O) peak at 
946cm-1 also undergoes a significant reduction in intenisty accompanied by a minor shift.  
The FTIR spectrum of the activated barium/bromide/NDI-TP compound (Figure 3.20) is broadly 
similar to the other compounds. The ν(C=O) imide stretching peak at 1710 and 1669cm-1 are 
significantly weaker and the aromatic ν(C-H) stretches at 1596cm-1 are stronger. This suggests 
some decay of the NDI core. The ethyl peak of the ligand precursor at 2988cm-1 is absent 
suggesting complete deprotection while a broad band at 3367cm-1 suggest that the water 
continues to be present in the activated sample.  
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Figure 3.18 FTIR spectrum of [Ba(H2O)3(Et2NDI-BP)] (as prepared) 
 
Figure 3.19 FTIR spectrum of the barium/bromide/NDI-TP compound (as prepared) 
 
Figure 3.20 FTIR the barium/bromide/NDI-TP compound (after activation)   
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3.6.2 Thermo Gravimetric Analysis (TGA) 
The TGA for [Ba(H2O)3(Et2NDI-BP)], performed in a N2 atmosphere, is shown in Figure 3.21. 
Here it can be seen that there are three weight losses: a slight initial weight loss(5%) over the 
range 30-150oC, which corresponds to the gradual loss of coordinated water(expected 3.2%), a 
subsequent sharp decay of the organic ligand at 300°C (13%), which corresponds to the 
cleavage of the imide bond and the loss of the ethyl group(expected mass loss = 14.3%); and a 
third complete collapse of the network and partial pyrolysis of the ligand from 500°C onwards. 
A stable remaining mass was not achieved so no conclusion can be drawn about the remnant 
species.   
 
Figure 3.21 1 Thermogravimetric analysis (TGA) of [Ba(H2O)3(Et2NDI-BP)] terminating at 700oC 
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The TGA for the barium/bromide/NDI-TP compound was performed in a N2 atmosphere and is 
shown in Figure 3.22. The TGA does not have clearly delineated decays and as such it is difficult 
to assign the weight losses to specific decays.   
The network undergoes a 10% weight loss over the temperature range 30-150°C which is 
attributed to the gradual release of coordinated water and occluded water. Above this, the 
compound slowly loses weight as coordinated water is released until 250oC. Note that this 
weight loss is small and difficult to differentiate. This slow decay accelerates from 425oC to 
675oC which appears to be due to the partial pyrolysis of the ligand when compared to the 
other analyses (Figure 3.21). This is consistent with other metal NDI complexes.20 The remaining 
solid is a mixture of barium phosphonates (Ba2+PO32-) and any remaining organics. This large 
remaining mass is consistent with the behaviour of other phosphonate complexes.21 
 
Figure 3.22 2 Thermogravimetric analysis(TGA( of the barium/bromide/NDI-TP compound (as prepared) terminating at 750oC 
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The TGA for the collapsed barium/bromide/NDI-TP compound performed in a N2 atmosphere is 
shown in Figure 3.23, where it is clear that there is only one major weight loss of 30% between 
450-500°C. This is attributed to partial breakdown of the ligand, most likely the decomposition 
of the phenylene group and imide bond cleavage, and loss of the bromide. Approximately 60% 
of the material remains at the completion of the thermal analysis at 750°C. This remaining solid, 
as with the previous TGA, is a mixture of barium phosphonates (Ba2+PO32-) and any remaining 
organics. 
 
Figure 3.23 Thermogravimetric analysis(TGA) of the barium/bromide/NDI-TP compound (collapsed) terminating at 750oC 
The crystallinity of the barium/bromide/NDI-TP compound undergoes dramatic changes when 
activated at 150oC for 24 hours, suggesting that the loss of occluded solvent leads to the 
collapse of the network as the barium ions release the coordinated water molecules. The 
collapse was confirmed via FTIR (compare Figures 3.19 and 3.20) and PXRD analyses (observe 
Figure 3.25) suggesting that the resulting product is an alternating phosphonate/barium layered 
amorphous solid, which is typical of the structure of such networks. This is not unexpected, as 
these materials are predisposed to this type of collapse.22 
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3.6.3 Powder X-ray Diffraction (PXRD) 
The powder XRD patterns for both “as prepared” [Ba(H2O)3(Et2NDI-BP)] and the 
barium/bromide/NDI-TP compound are presented in Figures 3.24 and 3.25 respectively, and the 
corresponding XRD pattern for the collapsed barium/bromide/NDI-TP compound(after 
activation) is also presented in Figure 3.25.   
The pattern for the ‘as prepared’ [Ba(H2O)3(Et2NDI-BP)] demonstrates co-preciptation with the 
Et4NDI-BP ligand precursor since the pattern roughly corresponds with the simulated pattern 
from the SCXRD data of [Ba(H2O)3(Et2NDI-BP)] combined with a simulated pattern from the 
SCXRD data of Et4NDI-BP. A major issue in the synthesis of this compound was preventing 
coprecipitation of the ligand precursor in large syntheses. This is demonstrated by the presence 
of Et4NDI-BP in the PXRD and the elemental analysis results.  
The pattern for the ‘as prepared’ barium/bromide/NDI-TP compound (Figure 3.25) 
demonstrates that no ligand has coprecipitated. It is possible that more than one product is 
present. The collapse of the barium/bromide/NDI-TP compound can clearly be seen as the post 
activation pattern is almost featureless and similar to an amorphous material.  
It should be noted that simulated PXRD patterns can correctly predict the diffraction angles for 
a proposed structure, but the peak intensities differ, and this fact needs to be taken in account 
when comparing two such patterns for their similarity. Instrumental conditions cannot be 
perfectly recreated, and this affects the simulated results.   
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Figure 3.24 PXRD of [Ba(H2O)3(Et2NDI-BP)] (as prepared)(red) compared to the simulated pattern(blue) from the SCXRD data 
and simulated from the bulk ligand. Bulk sample has been displaced vertically to clarify peaks. 
 
Figure 3.25 PXRD of the barium/bromide/NDI-TP compound (as prepared) (red) and PXRD of barium/bromide/NDI-TP 
compound after collapse during activation(blue). Note the very weak features in the activated sample. “As prepared” sample 
has been displaced vertically to clarify peaks. 
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3.6.4 Fluorescence spectroscopy studies 
The highly conjugated nature of naphthalene diimides leads to novel luminescent properties 
and the fluorescence spectra of both [Ba(H2O)3(Et2NDI-BP)] and the barium/bromide/NDI-TP 
compound were recorded using an excitation wavelength of 350nm. The resulting fluorescent 
emission for each compound, measured over the wavelength range 365-650nm, is presented in 
Figure 3.26 and Figure 3.27, where the structure of each network dramatically suppresses the 
fluorescence emission compared to that of their parent ligands.  
 
Figure 3.26 Fluorescence spectra of the “as prepared” [Ba(H2O)3(Et2NDI-BP)], and the Et4NDI-BP ligand precursor used. 
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Figure 3.27 Fluorescence spectra of the “as prepared” barium/bromide/NDI-TP compound, the amorphous compound, and 
the Et8NDI-TP ligand precursor used. 
Indeed, as can be seen in Figure 3.26, when compared to the ligand, [Ba(H2O)3(Et2NDI-BP)] 
exhibits a dramatic reduction in fluorescence intensity as well as a loss of fine structure peaks. 
A red shift is also observed, and this can be ascribed to charge transfer between the NDI cores. 
This behaviour is attributed to the fact that, in contrast to the free phosphonate ester ligand, 
the structure in [Ba(H2O)3(Et2NDI-BP)] forces the NDI cores into close proximity which increases 
the likelihood of charge transfer between the pair thus inducing aggregation quenching of the 
fluorescence. This is also evidenced by the broadening of the peak as well as the bathochromic 
shift although these changes are obscured by the dramatic reduction.  
Figure 3.27 illustrates that the barium/bromide/NDI-TP compound undergoes a similar, though 
weaker, reduction in fluorescence intensity, paired with a bathochromic shift and loss of fine 
structure, suggesting that an identical mechanism appears to be functioning.  
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3.6.5 X-ray photoelectron spectroscopy(XPS) 
X-ray photoelectron spectroscopy was employed to further characterise the 
barium/bromide/NDI-TP compound. Given the lack of structural characterization, XPS was 
employed to demonstrate the presence or absence of elements. As shown in Figure 3.28, the 
barium/bromide/NDI-TP compound gave a well-resolved spectrum.  The barium 3d5/2 peak can 
be easily observed at 784eV. The presence of the NDI was confirmed by the nitrogen 1s and 
phosphonate 2p peaks at 406eV and 138eV respectively. Thus, the compound was confirmed as 
a barium NDI phosphonate. Also notable is a presence of a bromine 3d peak at 72eV. This 
suggests that the bromide from the barium precursor has been incorporated into the material. 
The oxygen 1s peak at 537eV is also within the expected ranges for C=O in organic materials.         
 
Figure 3.28 XPS spectra of the of “as prepared” barium/bromide/NDI-TP compound 
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3.7 Conclusions  
Two phosphonate substituted NDI ligands have been used for the first time to prepare two 
metal coordination compounds. These compounds represent the first phosphonate 
coordination polymers to make use of the naphthalene diimide core as a rigid, planar platform, 
and suggest the potential for a new family of functional materials.  
The solvothermal method utilising in situ phosphonate ester hydrolysis has been found to 
provide a novel direction for synthesising large bulky phosphonate MOFs.  This work marks the 
preparation of the first phosphonate compound fully characterised using NDI as the ligand, 
overcoming the ligand predisposition to form amorphous metal-ion derivatives. It is also worth 
mentioning the degree of control obtained by varying the ratio of water and ethanol, the 
reaction time, the ratio of ligand to metal and the pH of the starting solution. This enabled the 
synthesis of a crystalline product and limited control of the degree of deprotection.    
These limitations are demonstrated by the coprecipitation of the phosphonate ester NDI 
precursor and poor yield. Several other alkaline earth metals were explored as alternatives to 
barium. Strontium was initially the most promising, but repeatedly formed insoluble, 
amorphous solids, similar to the unsuccessful barium materials. As such, it was discontinued as 
a possible avenue. Two other alkaline earth metals, magnesium and calcium were also 
explored, but these experiments led to the precipitation of the ligands even after variations in 
the synthetic method. Reactions with copper(II) and aluminum(III) were also attempted, but 
only yielded amorphous products.    
The first phosphonate NDI compound to be prepared, derived from a phosphonate monoester 
NDI, was fully characterised as a coordination polymer with the formula [Ba(H2O)3(Et2NDI-BP)]. 
Whilst the other compound, derived from a tetraphosphonate NDI, although crystalline, could 
not be assigned a definitive formula. Both networks were characterised by elemental analysis, 
PXRD, thermogravimetric analysis (TGA), fluorescence measurements and Fourier transform 
infrared spectroscopy.  
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[Ba(H2O)3(Et2NDI-BP)] was characterised by single crystal x-ray diffraction, where it was found 
that the barium(II) ion exhibited a seven-coordinate distorted pentagonal bipyramidal 
geometry. [Ba(H2O)3(Et2NDI-BP)] formed a 2D sheet with 1D barium phosphonate chains 
separated by the NDI cores but it exhibited no porosity.  
During the solvothermal preparation, the NDI-BP ligand only underwent partial deprotection, 
with one ester remaining per phosphonate. This demonstrates another avenue of control 
exercised over the final material. Although significant copreicptation of the ligand precursor 
was observed.  
A SCXRD characterization of the tetraphosphonate barium/bromide/NDI-TP compound was 
prevented by poor crystallinity despite repeated efforts. As such, it was examined by FTIR, TGA, 
PXRD, fluorescence measurements, elemental analysis and XPS. These demonstrated it to be a 
water containing, layered, crystalline solid containing the ligand, while XPS confirmed the 
presence of bromine and provided evidence for the presence of Ba, P, N and O in the 
compound.  
The luminescent properties of both networks were probed with the expectation that the ligand 
fluorescence would carry over into the bulk network. However, the nature of the network 
structure in [Ba(H2O)3(Et2NDI-BP)] and possibly in the barium/bromide/NDI-TP compound, with 
closely packed NDI cores, resulted in a material with suppressed fluorescence relative to the 
original ligand.   
This work demonstrates the potential for thermally- and chemically-robust phosphonate 
monoester networks based on NDI cores to play an important role in the synthesis of new 
complexes. Using selective deprotection, bulky ligands, and careful control of synthetic 
conditions, crystalline products can be obtained. This allows for full characterisation and a more 
complete understanding of the bonding within the phosphonate coordination polymers. 
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CHAPTER IV 
FORMATION OF TETRAPYRIDYLTETRAPHENYLETHENE COORDINATION 
POLYMERS AND METAL ORGANIC FRAMEWORKS 
4.1 Introduction 
As result of the work with NDIs, exploring another conjugated, planar ligand was a clear next 
step. Tetraphenylethene (TPE) (Figure 4.1) and its derivatives are a family of readily-synthesised 
compounds consisting of an ethene fully substituted by four phenyl rings. Although 
phosphonate substituted TPE would be a logical next step, there has been no successful 
synthesis reported in the literature.  
The extended π-conjugation of the TPE molecule facilitates orientated aggregation of the 
individual molecules in the solid-state, which leads to aggregation-induced fluorescent emission 
(AIE).1 The rotation of the phenyl rings along the C-Ph axis, and the twisting of the ethene C=C 
bond in the excited state, allow for non-radiative relaxation. Therefore, tetraphenylethene does 
not fluoresce in solution but does in the solid-state (see also the discussion in section 1.4.1 and 
Figure 1.25 of this thesis). Similar TPE derivatives are non-fluorescent when dissolved, but 
exhibit fluorescence when a non-solvent is added, as molecular aggregation occurs prior to 
precipitation.  
 
Figure 4.1 Tetraphenylethene(TPE) 
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Tetrapyridyl-substituted tetraphenylethenes have been utilised in various applications such as 
supramolecular building blocks,2 TPE-based organic and metal–organic networks,3, 4 mercury 
sensing,5 and halogen bonded networks.6 The tetrapyridyl derivative (Py4-TPE) (Figure 4.2) is of 
particular interest due to its ability to act as a fluorescent ligand, its size, rigidity and propensity 
to undergo aggregation-induced enhanced emission (AIE).  
 
Figure 4.2 Tetrapyridyltetraphenylethene(Py4-TPE) 
Recently, several crystal engineered structures of Py4-TPE based derivatives have been 
described, such as those of the Wang et al. group, who reported a discrete 3D tetragonal prism 
of Py4-TPE, 4,4’-dipyridine and platinum.7 In another report, Icli's group described a similar 
phenomenon utilising borole benzenes with various pyridyl ligands including Py4-TPE.8       
Whilst Gong et al. recently reported a novel zinc(II) organic framework of Py4-TPE with btc 
(benzene-1,3,5-tricarboxylic acid).9 Expanding on this work, 4,4ʹ-biphenyldicarboxylate has been 
used as the co-ligand, in combination with zinc and cadmium ions, to produce sensors for both 
volatile organic compounds and mycotoxins.4, 5 
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In the present work, four Py4-TPE crystalline networks have been synthesised in the presence of 
an appropriate solvent modifier (TCE, DMB). The peripheral pyridyl groups act as ligands for 
metal ions (see Figure 4.3), which allows compounds containing the divalent ions 
manganese(II), nickel(II), copper(II) and zinc(II) to be synthesised.  
 
Figure 4.3 The formation of a donor-covalent bond between the pyridyl moiety and a metal ion 
The manganese(II), nickel(II) and copper(II) networks are isostructural in their crystalline state 
with minor differences arising from changes in the metal environment. They form 2D planes 
with the metal ions having an octahedral geometry and chlorides at the axial positions. The 
manganese and nickel networks are air-stable but the copper network rapidly decomposes in 
air.  The zinc(II) ion adopts a tetrahedral geometry, in contrast to the octahedral geometry of 
the other three. 
All four networks are stable in chlorinated solvents, non-polar solvents and aqueous solutions. 
They are sparingly soluble in alcohols and acetone. The two derivatives, [Mn(Py4-
TPE)Cl2]•4DMB and Mn(Py4-TPE)Cl2]•4CHCl3, showed identical solubility.  
All four networks exhibit photoluminescent properties due to AIE, and may have potential 
applications utilising this behaviour. In the solid-state, the networks are porous, with their voids 
being occupied by tetrachloroethene (TCE), and were therefore investigated for their gas 
adsorption behaviour.  
The aim of this work was to demonstrate the structural permutations possible with this ligand 
in forming a variety of coordination polymers or metal organic frameworks.  
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4.2 Results and discussion 
4.2.1 Synthesis  
Three [M2+(Py4-TPE)Cl2]•4TCE coordination networks (M = Mn2+, Ni2+, Cu2+, Zn2+) (Py4-TPE = 
C46H32N4) and one [Zn2(Py4-TPE)Cl4]•4TCE coordination polymer were synthesised at ambient 
temperature using a two-phase liquid layering technique. The metal salts were dissolved in 
methanol and the Py4-TPE ligand was dissolved in a 3:1 TCE:methanol solution with a 4:1 ratio 
of metal salts to ligand. The metal salt solution was gently layered over the Py4-TPE solution 
(details of the syntheses are described in Section 2.4.2). The resulting product was harvested 
and characterised via FTIR, Raman spectroscopy, TGA, PXRD, elemental analysis, SCXRD and 
fluorescence spectroscopy. Further instrumentation details and methods are described in 
Chapter 2.  
Further control over the synthesis of the manganese(II) networks was explored by varying the 
solvent present in the layering solution. TCE was replaced with 2,3-dimethyl-2-butene (DMB). 
For the hexachlorobenzene system, the TCE was replaced by chloroform and 
hexachlorobenzene was dissolved in that layer.  
4.2.2 Manganese(II), Nickel(II) and Copper(II) Py4-TPE frameworks 
4.2.2.1 [Mn(Py4-TPE)Cl2]•4TCE  
The manganese complex [Mn(Py4-TPE)Cl2]•4TCE crystallises in space group Acca with 
octahedrally-coordinated metal ions (the ASU is shown in Figure 4.4). Each manganese ion is 
coordinated to four pyridyl rings at the equatorial positions with two chloride ions in axial 
positions.  The ASU contains three crystallographically independent MnCl2 units (two quarters 
and one half) and one TPE ligand which combine to give a 1:1 metal:ligand ratio. The 
framework has a porous structure with TCE molecules occupying the pores in the network as 
seen in Figure 4.5.  
The overall structure of these networks is best described as a 2D sheet with a sql topology. 
(Figures 4.5 and 4.6.) This treats the manganese(II) ion as a 4-coordinate vertex and the TPE 
ethene as a second identical 4-coordinate vertex.   
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Figure 4.4 ASU of [Mn(Py4-TPE)Cl2]•4TCE  viewed along the b axis, showing numbering scheme. 
 
Figure 4.5 Structure of [Mn(Py4-TPE)Cl2]•4TCE  viewed along the a axis. 
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Figure 4.6 Visual representation of the sql net.10 Both Py4-TPE and the manganese(II) ions are represented by white dots. 
The crystallographic position of the manganese(II) ions requires that each alternate ion 
coordinates with pairs of pyridyl rings that are either co-planar or in a ‘propeller’ coordination 
(Figures 4.4 and 4.5). The Mn-N and Mn-Cl distances are in the range of 2.314(5)-2.349(6)Å and 
2.454(3)-2.479(2)Å respectively, the N-Mn-N angles are in the range 91.8(2)-93.8(3)° and 
86.1(2)-88.2(3)°, and the Cl-Mn-Cl angles are 180.0°, all of which are typical values for an 
octahedral manganese complex.  
The pores in the crystal lattice are rhomboidal in shape as a result of the orientation of the 
phenyl-pyridyl moieties around the C=C bond. They are 14.716(3) x 17.211(3)Å in size, 
measured atom-to-atom using the metal centres and a centroidc between the ethene carbons 
(See Figure 4.7). The orientation of the central Py4-TPE ethene bond alternates relative to the 
pores. This does not noticeably influence the nature of the pores.   
The ethene bond is positioned above and below the Mn-Cl bonds in adjacent layers (See Figures 
4.4, 4.5 and 4.8). The 2D layers in the structure are offset along the b axis (Figure 4.8). The 
interlayer distance (measured from the chloride to the centre of the ethane bond) is in the 
range 3.396(2)-3.531(2)Å. The chlorides are placed directly over the ethene bonds in the 
adjacent layers as seen in Figure 4.8. The pores in the layers align, creating channels running 
throughout the network (Figures 4.7 and 4.9).   
                                                     
c This was calculated using the full variance-covariance matrix with the Olex2 MPLN command to obtain the 
centroid and repeated for other centroids in this chapter. 
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TCE guest molecules occupy the rhomboid pores within the sheets. The TCE is organised into a 
regular motif - two TCE molecules aligning with the phenylene rings in each rhomboid pore. 
Therefore, there are four TCE molecules for every Py4-TPE molecule, as shown in the more 
detailed structures (Figures 4.4 and 4.5). Each pair of TCE molecules is perpendicular to the 
following two, and they form a sequence of alternating molecules. This is noteworthy, as it 
resembles the work of Seidel,11 using a similar layered system with porphyrins as the ligand and 
TCE as the solvent. However, this work does not exhibit the alternating motif observed in the 
[Mn(Py4-TPE)Cl2]•4TCE  structure, in spite of the fact that both have layers intercalated by 
solvent molecules. In Seidel’s work, the TCE molecules occupy the space between the planes.  
The solvent acting as the template was varied, but only those solvents (DMB) with similar 
stereochemistry were successful in producing similar networks (See section 4.2.4). Polar 
solvents (CHCl3, MeOH, H2O) as well as non-polar solvents (benzene, hexane) were explored as 
alternatives, but yielded either no product, or recrystallization of the starting materials.  
 
Figure 4.7 Pores of [Mn(Py4-TPE)Cl2]•4TCE shown along the a axis. Distance in Å. 
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Figure 4.8 Stacking between [Mn(Py4-TPE)Cl2]•4TCE layers shown along the b axis, note the positioning of the C=C bond in 
the Py4-TPE to the Mn-Cl bonds in adjacent layers. Distance in Å. 
 
Figure 4.9 Spacefill image of [Mn(Py4-TPE)Cl2]•4TCE viewed along the a axis 
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The PXRD pattern of [Mn(Py4-TPE)Cl2]•4TCE was collected and compared to a pattern 
generated from the single crystal structure to confirm the bulk purity and crystallinity. As can 
be seen in Figure 4.10, the patterns are highly similar with only minor differences in relative 
intensities.  
 
Figure 4.10 PXRD pattern of [Mn(Py4-TPE)Cl2]•4TCE . Data for as-synthesised bulk sample in red; simulated from SCXRD in 
blue. Bulk sample has been displaced vertically to clarify peaks. 
4.2.2.2 Fourier Transform Infrared (FTIR) spectroscopy 
The networks were also characterised by Fourier transform infrared (FTIR) spectroscopy as 
shown in Figures 4.13-4.17. The characteristic peaks of the ligand (Figure 4.12) remain present 
in each synthesised network (Figure 4.14). The shift of aromatic δ(C-H) peaks around 1000-
1100cm-1 is due to the changed environment of the phenylene and pyridyl rings. The strong 
peaks at 1593cm-1 and 1487cm-1 in the ligand and 1609cm-1 and 1487cm-1 in the network can 
be attributed to the aromatic ν(C=C) of the ligand. Similarly, the δ(C=C) and disubstituted 
aromatic δ(=C-H)(out-of-plane) peaks at 809, 753 and 731cm-1 in the ligand and 800, 757 and 
737cm-1 in the network are also consistent.   
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The FTIR spectrum of TCE contains three strong δ(C=C) peaks at 802, 778, 757cm-1 and a strong 
ν(C-Cl) peak at 905cm-1 (Figure 4.11).12 The peaks from 802-755cm-1 are unsuitable to determine 
the presence of TCE as they overlap with similar peaks in Py4-TPE. However, the ν(C-Cl) peak at 
909cm-1 is free from such interference and is present in all ‘as prepared’ samples.  
An activated [Mn(Py4-TPE)Cl2] sample was prepared by heating at 150oC for 3hours under high 
vacuum. This lead to  the absence of the aforementioned peak in the spectra of activated 
samples (See Figure 4.17). Additionally, in the activated samples, the δ(C=C) peaks from 802-
757cm-1 are clearer with less shoulders and overlapping peaks. The ligand peaks were 
consistent through-out.  
The FTIR of the copper network was measured both directly after synthesis and after air-drying 
for 7 days (Figures 4.15 and 4.16). On air-drying, the ν(C-Cl) peak completely disappeared, 
confirming the departure of the TCE, but this does not fully inform the nature of the decay. The 
strong TCE peaks from 800-755cm-1 may also be absent, but these are obscured by the ligand 
peaks. The mechanism for this is discussed below in section 4.2.2.5. 
 
Figure 4.11 FTIR spectrum of tetrachloroethene. Note that this spectrum was collected on a liquid sample and corrected for 
water absorption. This explains the altered baseline. 
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Figure 4.12 FTIR spectrum of Py4-TPE ligand 
 
Figure 4.13 FTIR spectrum of [Ni(Py4-TPE)Cl2]•4TCE 
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Figure 4.14 FTIR spectrum of [Mn(Py4-TPE)Cl2]•4TCE 
 
Figure 4.15 FTIR spectrum of [Cu(Py4-TPE)Cl2]•4TCE 
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Figure 4.16FTIR spectrum of [Cu(Py4-TPE)Cl2]•4TCE after exposure to air (168hrs) 
 
Figure 4.17 FTIR spectrum of activated [Mn(Py4-TPE)Cl2]   
  
 158 
 
4.2.2.3 Raman spectroscopy  
The ligand and the networks were also characterised by Raman spectroscopy as shown in 
Figures 4.18-4.23. The Raman spectrum of the ligand is presented in Figure 4.18.  Notable peaks 
include a strong ν(C=C) peak at 1604cm-1, two medium aromatic asymmetrical δ(C-H) peaks at 
1288cm-1 and 1136cm-1, and a weak aromatic symmetrical δ(C-C-C) peak at 406cm-1 . There are 
also a large number of ‘fingerprint’ peaks, but given their relatively weak intensity they are of 
less use for identification purposes. Comparing it to the FTIR spectrum, the ring stretching peak 
at 991cm-1, as well as several other weaker aromatic peaks are consistent. The aromatic ν(C=C) 
peak at 1604 cm-1 may also be consistent, but is obscured in the Raman by the strong ν(C=C) 
peak. This pattern is continued for each of the coordination networks.     
Raman data was also collected for TCE (Figure 4.19). Here a medium ν(C=C) peak at 1573cm-1 
was observed alongside symmetrical δ(C-Cl) and C-Cl rocking at 449cm-1 and 236cm-1 
respectively.12 These peaks are also present, but very weak in the coordination networks 
spectra. Compared to the FTIR spectrum of TCE, there is no overlap. There is only one strong 
peak in the TCE Raman spectrum (ν(C=C)) that is in the range that was measured via FTIR and it 
is an inactive stretch.  
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Figure 4.18 Raman spectrum of Py4-TPE 
 
 
Figure 4.19 Raman spectrum of TCE 
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The Raman spectra of the networks (Figures 4.18- 4.23) are highly consistent except for that of 
the copper network. The former all contain the ν(C=C), δ(C-H), δ(C-C-C) peaks from the ligand as 
well as the ν(C=C) and δ(C-Cl) from the TCE. The ν(C=C) peaks from the TCE and the ligand at 
1604cm-1 overlaps with no clear distinction or shoulder between the two. To confirm the 
assignment of the peaks, a Raman spectrum was collected from the activated Mn network 
(Figure 4.23). The lack of C-Cl peaks from 600-200cm-1 confirms the absence of the occluded 
TCE.  Two very broad peaks at 1900 and 1300cm-1 obscure the fine detail in the spectrum of the 
copper network. The TCE peaks remain clear, but the ligand peaks are lost. It should also be 
noted that the copper sample visibly decomposed during the Raman measurement; turning 
brown during analysis.  
 
Figure 4.20 Raman spectrum of [Mn(Py4-TPE)Cl2] •4TCE.  
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Figure 4.21 Raman spectrum of [Ni(Py4-TPE)Cl2] •4TCE 
 
Figure 4.22 Raman spectrum of [Cu(Py4-TPE)Cl2] •4TCE 
 
Figure 4.23 Raman spectrum of activated [Mn(Py4-TPE)Cl2]. Note the absence of the TCE peaks at 449.5cm-1 and 236.3cm1 
 162 
 
4.2.2.4 [Ni(Py4-TPE)Cl2]•4TCE  
The [Ni(Py4-TPE)Cl2]network is also isostructural to that of the manganese(II) analogue (See ASU 
in Figure 4.24). This material crystallises in space group Acca with octahedrally-coordinated 
metal ions. Each nickel ion is coordinated to four pyridyl groups in equatorial positions and two 
chloride ions in the axial positions.  The structure contains three crystallographically 
independent NiCl2 units (two quarters and one half), and one Py4-TPE moiety, and consists of 
polymeric 2D flat layers with rhomboidal pores, which create channels (See Figure 4.25). The 
topology of the 2D network is a rhomboid grid with each Py4-TPE coordinating to four nickel 
anions and is identical to the previous network.  The Ni-N and Ni-Cl distances are in the range of 
2.340(2)-2.372(2)Å and 2.349(2)-2.478(2)Å respectively, which are typical for Ni(II) species.13 
The N-Ni-N angles were in the range 86.9(5)-93.1(5)° and the Cl-Ni-Cl angles were 180°, 
indicating an octahedral geometry about the Ni(II) ion.  
A PXRD pattern was collected of the bulk sample (Figure 4.26). It was significantly less 
crystalline than the manganese network as evidenced by the broader peaks and weaker 
reflections. The pattern roughly corresponds with the simulated pattern from the SCXRD data 
with each major peak being consistent. This comparative loss in crystallinity is attributed to the 
rate of crystallization for each network. The nickel network forms rapidly with visible crystals 
forming within minutes. By comparison, the manganese network, and to a lesser degree the 
copper takes several days to crystallise. This also led to poorer quality SCXRD data.       
 
 163 
 
 
Figure 4.24 ASU of [Ni(Py4-TPE)Cl2]•4TCE  viewed along the b axis, showing numbering scheme. 
 
Figure 4.25 Structure of [Ni(Py4-TPE)Cl2]•4TCE   viewed along the b axis. Solvent not shown for clarity. Distance in Å. 
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Figure 4.26 PXRD pattern of [Ni(Py4-TPE)Cl2]•4TCE . Data for as-synthesised bulk sample in red; simulated from SCXRD in 
blue. Bulk sample has been displaced vertically to clarify peaks. 
4.2.2.5 [Cu(Py4-TPE)Cl2]•4TCE  
The [Cu(Py4-TPE)Cl2] network is also isostructural to that of the manganese(II) and nickel(II) 
analogues (See ASU in Figure 4.27). The pyridyl rings adopt a similar alternating pattern to the 
Mn and Ni networks. The Cu-N and Cu-Cl distances are in the range of 2.318(6)-2.342(7)Å and 
2.452(3)-2.478(3)Å respectively, which are typical for Cu(II) species.13 The N-Cu-N angles are in 
the range 91.9(4)-94.1(3)° and 85.9(3)-88.1(4)° and the Cl-Cu-Cl angles are 180°, indicating a 
slightly distorted octahedral geometry about the Cu(II) ion. The rhomboid pores (14.671(2) x 
17.282(3)Å) have a similar alternating structure with the TCE occupying similar positions to the 
analogous MnCl2 network. Soft thermal restraints were used on the N3 and N4 pyridyl rings to 
maintain sensible chemical geometry.  
The copper network is, however, unstable when exposed to air, and rapidly decays into an 
amorphous, opaque, green powder, from the clear blue solid, which prevented full analysis of 
the sample via PXRD, elemental analysis and TGA. This decay occurred even if the sample was 
placed under nitrogen or the solvent removed in vacuum. These suggest that it is unlikely to be 
a competitive process involving other possible ligands. The FTIR of the decayed sample (Figure 
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4.16) is highly similar to those of the other isostructural networks. It does lack the TCE solvent 
peaks, supporting the hypothesis that the collapse occurs as the solvent is removed.  
One hypothesis is that the departure of the TCE molecules from the pores causes the collapse 
of the network. This is similar to known MOF air-stability issues.14 Another alternative can be 
seen in the comparable family of compounds with the formula Cu(II)(py)4X2 when py = 
pyridine.15 [Cu(II)(py)4Br2]•2py exhibits a bright blue colour similar to the copper network and 
when exposed to air it develops green-yellow regions. Bowmaker attributes this to the loss of 
the pyridine and the formation of amorphous Cu(py)2Br2 which was demonstrated by infrared 
analysis.  A similar decay occurs with Cu(II)(py)4I2 although this is complicated by the instability 
of Cu(py)2I2 and possible subsequent redox reactions. So, given the known instability of 
Cu(II)(py)4X2 compounds, a similar decay could occur with [Cu(Py4-TPE)Cl2]. This instability 
precluded a reliable elemental analysis.  
Far infrared spectroscopy was explored as a method to demonstrate this change in the pyridine 
complexes however its use was precluded by the TCE molecules, which obscure the relevant 
peaks in the far infrared range and prevented any analysis.  
 
Figure 4.27 ASU of [Cu(Py4-TPE)Cl2]•4TCE viewed along the b axis, showing numbering scheme. 
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4.2.2.6 Thermogravimetric characterisation  
The thermal decomposition behaviour of both [Mn(Py4-TPE)Cl2]•4TCE and [Ni(Py4-
TPE)Cl2]•4TCE under N2 gas was studied in the range 50-750°C (Figures 4.28 and 4.32).  
Thermogravimetric analysis (TGA) of [Mn(Py4-TPE)Cl2]•4TCE  indicated a weight loss of 37% 
over the temperature range 75-200°C, which can be attributed to the loss of 3 mol TCE per 1 
mol Py4-TPE (expected mass loss for [Mn(Py4-TPE)Cl2]•3TCE = 39.4%, found = 37%). The 
discrepancy between the measured amount of TCE and the expected amount is attributed to a 
small amount of degassing before measurement. The identity of the material evolved was 
confirmed via gas chromatography mass-spectrometry (GC-MS) with simultaneous infrared (IR) 
analysis on the TGA gaseous exhaust (Figures 4.29 and 4.30). The GC-MS spectrum of the 
exhaust was consistent with the leaving species being TCE for the first weight loss. The FTIR of 
the gaseous exhaust also supports this conclusion with the spectrum of the exhaust being quite 
similar to the library spectrum for TCE.16 Note the peaks at 2300-2400cm-1 in the FTIR result 
from CO2 contamination of the exhaust.  
There is also a second weight loss of 22% at 425-475°C, which can be attributed to incomplete 
pyrolysis of the ligand. Cleavage of the pyridyl group is the most likely decay (expected mass 
loss for pyridyl = 24%, found = 22%). Note the gradual weight loss after this point as the 
remaining organic solid decays. This was also confirmed via IR analysis of the exhaust gases 
which exhibited weak aromatic peaks (3100cm-1). Above 750°C, air was introduced which led to 
immediate combustion of the remaining solid leaving only a small amount (10%) of metal oxide 
residue. 
 167 
 
 
Figure 4.28 Thermogravimetric analysis (TGA) of [Mn(Py4-TPE)Cl2]•3TCE terminating at 750°C. Initial trace (red) and 
derivative (blue). 
 
Figure 4.29 a) GC-MS analysis of the gaseous exhaust from [Mn(Py4-TPE)Cl2]•4TCE  during the TGA (taken at 90% of original 
weight, approx. 110oC). b) Library mass spectrum of tetrachloroethene 
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Figure 4.30 a) FTIR of gas exhaust taken at 75% weight (160oC)(25% decomposition) from [Mn(Py4-TPE)Cl2]•4TCE of original 
weight, approx. 150oC b) Library FTIR spectrum of tetrachloroethene.16 
 
Figure 4.31 FTIR of gas exhaust taken at 45% weight (450oC)55% decomposition)  
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In a similar fashion, the TGA of [Ni(Py4-TPE)Cl2]•4TCE indicated a weight loss of 43% over a 
temperature range 100-200oC (see Figure 4.32) which corresponds to the loss of 3.5 mol TCE 
per 1 mol Py4-TPE (expected mass loss for [Ni(Py4-TPE)Cl2]•3.7TCE = 42.9%, found = 43%). The 
variance in the weight loss compared to that of the Mn network is due to differing degassing 
parameters dependent on the time between synthesis and TGA. The other weight losses are 
similar to those observed for the Mn(Py4-TPE)Cl2 network .  
 
 
Figure 4.32 Thermogravimetric analysis(TGA) of [Ni(Py4-TPE)Cl2]•3.7TCE terminating at 750oC. Initial trace (red) and 
derivative of that trace with a five point smoothing operation (blue).  
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A TGA was also performed on an activated [Mn(Py4-TPE)Cl2] sample (Figure 4.33). The activated 
[Mn(Py4-TPE)Cl2] sample was prepared by heating at 150oC for 3hours under high vacuum. The 
weight loss at 425-475°C is consistent with that observed for the “as prepared” sample 
(compare to Figure 4.28); and as expected, a weight loss arising from the TCE clathrate does not 
occur.  The activated network also does not exhibit full decomposition at 750oC under nitrogen.  
 
Figure 4.33 Thermogravimetric analysis (TGA) of [Mn(Py4-TPE)Cl2] after activation terminating at 750oC. 
The PXRD of the resulting activated Mn(Py4-TPE)Cl2 product was similar to that displayed by the 
‘as prepared’ unactivated samples (Figure 4.34) although the activated network has undergone 
an expected loss of crystallinity as can be seen with the broadening of most peaks and the loss 
of weaker peaks. The “activated” Mn(Py4-TPE)Cl2 was generated by heating [Mn(Py4-
TPE)Cl2]•4TCE to 200oC under high vacuum. These measurements indicate that the TCE can be 
removed over the temperature range (200-400°C) in the thermal stability plateau region but 
care needs to be exercised to reduce significant distortion of the structure. Other techniques 
(super critical CO2, solvent exchange) could help in this regard.   
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Figure 4.34 PXRD pattern of ‘as prepared’ [Mn(Py4-TPE)Cl2]●4TCE (blue) and activated [Mn(Py4-TPE)Cl2] (red). Note the loss 
of crystallinity in the activated sample. Activated sample has been displaced vertically to clarify peaks. 
4.2.3 Preparation of [Mn(Py4-TPE)Cl2] in the presence of DMB as a templating agent/solvent 
The literature indicates that previous attempts to synthesise similar coordination polymers and 
MOFs containing manganese(II) and nickel(II), using DMF as a solvent in a solvothermal system, 
have been unsuccessful.2 Likewise, our own attempts using a polar solvent like methanol or 
non-polar chlorinated solvents were also unsuccessful.  
However, in the present work it was found possible to synthesise an analogous, isostructural 
manganese(II) coordination network using 2,3-dimethyl-2-butene (DMB), as an alternative 
solvent for TCE in the solvent layering system. Its choice being based on its non-polar nature 
and similar stereochemistry to TCE (Synthetic details are given in section 2.4.2.5).  
The reaction between MnCl2 and Py4-TPE in a two-phase MeOH/DMB mixture gave rise to 
colourless crystals of [Mn(Py4-TPE)Cl2]•4DMB. The compound crystallises in the P2/n space 
group and the ASU, shown in Figure 4.35, contains one MnCl2 unit (half occupied), two DMB 
molecules and half a Py4-TPE ligand, gives a 1:1 metal:ligand stoichiometry  and an identical 
solvate ratio to the [Mn(Py4-TPE)Cl2]•4TCE network. 
0
20
40
60
80
100
120
140
160
180
5 10 15 20 25 30 35 40 45 50
Co
un
ts
 (C
PS
)
2θ (degrees)
Mn Py-TPE
Mn Py-TPE Evacuated
[Mn(Py4-TPE)Cl2]●4TCE
Activated [Mn(Py4-TPE)Cl2] 
 172 
 
The [Mn(Py4-TPE)Cl2]•4DMB solid is stable in contact with chlorinated solvents, non-polar 
solvents and aqueous solutions, but it is sparingly soluble in alcohols and acetone. It was also 
thought to be air-stable, but this was demonstrated to be false because 3 days after removal 
from solvent, the solid changed from colourless to black. This appears to be a decay of the 
material and prevented a reliable elemental analysis. The space group has shifted from Acca to 
P2/n relative to the other isostructural networks. This is due to the solvent positions breaking 
the previous symmetry. The network remains structurally similar continues to form a 2D sheet 
with sql topology.   
The SCXRD indicates the DMB adopts a similar alternating orientation in the pores to the TCE 
analogue, supporting its choice as a structure-directing molecule in the solvent mixture during 
the synthesis (Figures 4.36-4.37 compare with Figure 4.5).The coordination geometry around 
the manganese ion is unchanged with N-Mn-N angles of 87.6(8)° and 92.3(8)° and Cl-Mn-Cl 
angles of 180.0°. The bond distances are also quite similar with Mn-N in the range of 
2.3357(15)-2.336(2)Å and Mn-Cl in the range 2.4746(6)-2.4751(6)Å. Thus, the pore dimensions 
are very similar (14.5708(13)Å x 17.3624(17)Å compared to 14.716(3) x 17.211(3)Å for the 
[Mn(Py4-TPE)Cl2]•4TCE). Similarly the distance between the layer is approximately the same 
(3.682(2)Å  compared to 3.531(2) for [Mn(Py4-TPE)Cl2]•4TCE).   
However, this network does exhibit greater disorder around both the central Py4-TPE moiety 
and the outer pyridyl groups than the other networks. The alternative positions have occupancy 
ratios of 0.16:0.84 for the central phenylene rings and 0.3:0.7 for the pyridyl rings.  Soft thermal 
and distance restraints were used to maintain sensible chemical geometry for the DMB 
molecules. Soft distance restraints were used for the disorder around the pyridyl and 
phenylene rings for similar reasons. 
Therefore, the stereochemical positioning of TCE and DMB in the voids, and their relationship 
with the Py4-TPE, are key to understanding the crystallization of these networks. The molecular 
structure of these co-solvents is the critical aspect. The methyl groups have similar collective 
van der Waal’s radii to the chloro group and the overall difference in molecular polarity is not 
significant. Each solvent molecule, when paired with a second, appears to act as a templating 
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agent for assembly of the structure. The C=C double bond length of the clathrate is similar in 
both compounds (DMB 1.25(12)Å vs TCE 1.23(13)Å). The DMB is slightly smaller as the C-CH3 
bond lengths are in the range 1.35-1.7Å compared to the longer C-Cl bond lengths of 1.671(12)-
1.809(17)Å. 
 
Figure 4.35 ASU of [Mn(Py4-TPE)Cl2]•4DMB viewed along the a axis showing numbering scheme. Hydrogen not shown for 
clarity 
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Figure 4.36 Stacking between [Mn(Py4-TPE)Cl2]•4DMB layers shown along the c axis and the position of the DMB molecules. 
Hydrogens not shown for clarity. Note distances of Cl above C=C in Å.   
 
 
Figure 4.37 Structure of [Mn(Py4-TPE)Cl2]•4DMB  viewed along the b axis showing the position of the DMB solvent 
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The [Mn(Py4-TPE)Cl2]•4DMB network was further characterised via FTIR as shown in Figure 
4.39. Comparing this spectrum with the spectra for the ligand (Figure 4.12) and the manganese 
TCE network (Figure 4.14), the ligand peaks remain consistent throughout. The ν(C=C) peaks at 
1599 and 1488cm-1 are consistent with the other products as are the δ(C=C) and disubstituted 
aromatic δ(=C-H)(out-of-plane)  peaks at 802,757,734cm-1.17  
As expected, all TCE peaks observed in previous spectra are absent. Weak methyl ν(C-H) peaks 
around 3000cm-1 are present but are inconclusive. There is also weak δ(C-H) around 1400 but 
these are obscured by ligand peaks. The best evidence for the DMB of the solvent in the pores 
is the moderate peak ν(C-C) at 1117cm-1 and the weak ν(C-H) stretches around 2973cm-1. These 
peaks are absent in the [Mn(Py4-TPE)Cl2] networks and are comparable to the peaks in the pure 
solvent (Figure 4.38).  
 
Figure 4.38 FTIR spectrum of DMB 
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Figure 4.39 FTIR spectrum of [Mn(Py4-TPE)Cl2]•4DMB 
4.2.4 Preparation of a Mn(II) and Py4-TPE network in the  presence of hexachlorobenzene and 
CHCl3 
This aspect was further explored by using other similar templating agents such as chloro- 
substituted benzene (hexachlorobenzene) dissolved in CHCl3. The synthesis of this compound 
can be found in section 2.4.2.5. This resulted in the formation of a [Mn(Py4-TPE)Cl2] network 
formulated as [Mn(Py4-TPE)Cl2]•4CHCl3 (with no C6Cl6 included) which, while similar in 
connectivity, was two-fold interpenetrated. The ASU, shown in Figure 4.40, contains one MnCl 
unit (with the manganese half occupied), two chloroform molecules and half a Py4-TPE ligand 
giving a 1:1 metal:ligand stoichiometry  and an identical solvate ratio to the [Mn(Py4-
TPE)Cl2]•4TCE network. 
The interpenetrated MnCl2 (Figures 4.41 and 4.42) network crystallises in space group Pnna 
with octahedrally coordinated metal ions (Figure 4.37) like those in the open framework 
sample. The Mn-N and Mn-Cl distances are in the range of 2.262(7)-2.309(7)Å and 2.51(3)Å, 
respectively. The N-Mn-N angles are in the range 91.7(3)-91.7(3)° and 88.4(3)-88.5(3)°, and the 
Cl-Mn-Cl angles are 178.01(9)°. These are all typical values for an octahedral manganese 
complex.13  
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The topology is best described as a double interpenetrated cds net (Figure 4.43).  This treats the 
manganese metal ions as 4-coordinate vertices and the Py4-TPE molecules as identical 4-
cordinate vertices. The Schläfli symbol for this framework would be {6282}.  
While the porous TCE networks are dominated by Cl-ethene interactions, this is prevented in 
this network by the chloroform’s interaction with the chloride. The chloroform molecules are 
situated in the voids and loosely bound to the chloride with the carbon centres being 3.553(12)-
3.610(12)Å from the chloride and the hydrogen orientated toward the chloride. This is 
consistent with a strong hydrogen bonding interaction between the chloroform and the 
chloride.  
 
 
Figure 4.40 ASU of [Mn(Py4-TPE)Cl2]•4CHCl3viewed along the a axis showing atom numbering scheme. Hydrogens not shown 
for clarity. 
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Figure 4.41 Spacefill of [Mn(Py4-TPE)Cl2]•4CHCl3 viewed along the a axis demonstrating the channels. Solvent not shown to 
enable the visualization of pores. 
 
Figure 4.42 Interpenetration of the [Mn(Py4-TPE)Cl2]•4CHCl3 network with red and blue showing separate nets. Hydrogens 
not shown. Manganese and chloride shown uncoloured to more easily visualise nets. 
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Figure 4.43 Visual representation of the cds net10 
 
 
Figure 4.44 [Mn(Py4-TPE)Cl2]•4CHCl3 viewed along the b axis with hydrogens not shown. The atoms interacting around the 
chloride are labeled. 
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The network was also characterised by FTIR as shown in Figure 4.46. The FTIR of chloroform is 
also displayed in Figure 4.45 as a reference. The FTIR of the network is highly similar to the 
previous magnanese network (Figure 4.14).  The strong aromatic ν(C=C) peaks at 1593cm-1 and  
1487cm-1 are preserved although the latter has a shoulder at 1468cm-1. Similarly, the δ(C=C) 
peaks and disubstituted aromatic δ(=C-H)(out-of-plane)at 809, 752 and 730cm-1 in the ligand 
and 800, 757 and 737cm-1 in the network are also consistent. The aromatic δ(C-H) peaks remain 
but are weaker. As expected the TCE ν(C-Cl) peak is completely absent. Instead a weak (C-H) 
stretch peak is seen at 2950cm-1 attributed to the chloroform. The chloroform ν(C-Cl) stretching 
peaks are present in the range 850-700cm-1 but are obscured by the ligand peaks. This is also 
true for the possible ν(C-H) peaks at 1468cm-1 and 1602cm-1.  This supports the presence of 
chloroform in this network. 
 
Figure 4.45 FTIR spectrum of CHCl3 
 
Figure 4.46 FTIR spectrum of [Mn(Py4-TPE)Cl2]•4CHCl3  
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4.2.5 DFT analysis of the [Mn(Py4-TPE)Cl2] network 
In order to better understand the nature of the interaction between the TCE molecules and the 
network structure, calculation of the electronic properties of the [Mn(Py4-TPE)Cl2] network was 
carried out using the pseudopotential density functional theory (DFT) code CASTEP12, with 
structural data used as the model to investigate the interaction between the solvent and the 
network skeletal framework. The pseudopotential electron density calculations confirmed the 
alternating structural nature of the pores as the cause of the TCE molecule orientation. As seen 
in Figure 4.47, there is uniform electron density over the framework with a very low electron 
population in the voids and thus limited polarity in the voids. These low polarity voids would 
favour the inclusion of non-polar guests (such as TCE or DMB).    
 
Figure 4.47 Visualization of the pseudopotential electron density in the pores of [Mn(Py4-TPE)Cl2]•viewed along the a axis. 
Blue – high e- density, green – low e- density.  
 182 
 
4.2.6 Zinc(II) Py4-TPE framework 
The zinc complex [Zn2(Py4-TPE)Cl4]•4TCE crystallises in the space group C2 as a porous 
coordination polymer(PCP). The fundamental asymmetric unit contains one half of a 
tetrapyridyltetetraphenylethene molecule, one zinc(II) ion and two coordinated chloride ions 
with large pores (55.6% void space) occupied by disordered TCE molecules (Figure 4.48). As 
shown in Figure 4.49-4.50, each pyridyl group coordinates to a single zinc(II), and each zinc(II) 
cation is tetrahedrally-coordinated to two pyridyl groups and two chlorides.  
This tetrahedral ZnPy2Cl2 binding moiety has a significant effect on the assembly of the network 
compared to the three previous metal ions which adopt octahedral MPy4Cl2 binding units. In 
particular, the stoichiometry of the material changes and the bonding is restricted creating an 
MPy2Cl2 moiety. As shown in Figure 4.50, this leads to the creation of an infinite 1D ribbon 
running along the b axis. The Zn-N and Zn-Cl distances are in the range of 2.0262(12)-
2.1002(12)Å and 2.222(2)-2.287(2)Å respectively, and are typical of such bonds.13 The N-Zn-N 
angles are 102.43(6)o and the Cl-Zn-Cl angles are 122.440(18)o creating a slightly-distorted 
tetrahedral stereochemistry about the zinc(II) ions. The layering consists of pairs of metal ions 
positioned adjacent to each other, separated by 6.313(5)Å via their respective chloride ions 
(measured zinc ion to zinc ion) (shown in Figure 4.51). The adjacent chlorides exhibit similar 
behaviour to that seen in the other octahedral systems18, with the ions positioned 3.7776(14)Å 
away from the central ethene of the Py4-TPE  in the next layer(as measured from the chloride to 
a centroid between the ethene carbons. This compares to 3.40Å(ESD) in similar systems. The 
chlorides are situated over the ethene centre of adjacent Py4-TPE molecules along the a axis. 
This creates a system which alternates between two ZnCl2 centres and then an ethene bond 
along the a axis (See Figure 4.51). This creates a 2D sheet composed of 1D ribbons interacting 
with stacking that is broadly similar to the other M2+ networks.   
The central phenylene rings are disordered in a 75:25 ratio violating the mirror symmetry of the 
molecule and confirming the assignment of the space group. The phenylene rings were refined 
with soft distance and thermal restraints to maintain the correct chemical geometry.  
The tetrahedral geometry of the zinc metal ions changes the angle creating the rhomboid pores 
as the tetrahedral angle (109.5o) is greater than the octahedral angle (90o), and therefore alters 
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the dimensions of the pores to 13.97(1) x 17.314(15)Å measured atom-to-atom using the metal 
centres and a centroidd as shown in Figure 4.50, i.e. they are marginally smaller than the Mn(II) 
(14.716(3) x 17.211(3)Å) networks and larger than those in the Ni(II) network (10.80(3) x 
17.28(3)Å) but similar to Cu(II) (13.303(15) x 17.281(3)Å) pores.  
In the [Zn2(Py4-TPE)Cl4]•4TCE structure, instead of the pore symmetries alternating based solely 
on the direction of the central ethene, the network alternates between pores edged by 
phenylene rings, and 1D channels decorated by ZnCl2 motifs thus  creating a novel pore 
environment and channels. There pores are occupied by disordered TCE molecules. The 
combination of large voids and the disorder of the phenylene rings further disrupting the 
solvent means that the absolute position of the TCE molecules could not be found. Therefore, 
this disordered solvent was modeled by use of the SQUEEZE/PLATON routine.19 This identified a 
void volume of 572.5Å3 (55.6% of unit cell volume) occupied by 167.75 electrons. Given that a 
TCE molecule contains 84 electrons, this corresponds with two TCE per pore(167.75/84 = 1.99) 
and four TCE molecules for every Py4-TPE ligand. As such, beyond the similarity in TCE:Py4-TPE 
ratio, no conclusion can be drawn about the stuructural directing role of the TCE in [Zn2(Py4-
TPE)Cl4]•4TCE.   
 
                                                     
d This was calculated using the full variance-covariance matrix with the Olex2 CENT command to obtain the 
centroid and repeat for other centroids in this chapter. 
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Figure 4.48 ASU of [Zn2Py4-TPE)Cl4]•4TCE showing atom numbering scheme. Hydrogens not shown for clarity.  
 
 
Figure 4.49 Labeled [Zn2Py4-TPE)Cl4]•4TCE showing bonding between the metal and the ligand. Hydrogens not shown for 
clarity. 
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Figure 4.50 Extended Zn2(Py4-TPE)Cl4 chains layered along the a axis. Distances between the metal ions and ethene centroids 
are shown. Distances in Å. Disorder not shown for clarity.  
 
 
Figure 4.51 [Zn2Py4-TPE)Cl4]•4TCE along the b axis.  The distances were measured between the chloride ion to an ethene 
centroid and between the zinc ions. Distance in Å. Disorder not shown for clarity. 
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The network was characterised via Fourier transform infrared (FTIR) and Raman spectroscopy. 
(Figures 4.52-4.55). The ligand peaks remain present in the synthesised network (1070 ,1040, 
1010cm-1). The activated network also follows similar patterns to previous frameworks with the 
loss of the peak at 904cm-1 indicating the departure of TCE (Figure 4.53).  
The Raman spectrum (Figure 4.54) is also quite similar to the other networks with notable 
peaks including a strong ν(C=C)peak at 1603cm-1, two medium aromatic asymmetrical δ(C-H) 
peaks at 1295cm-1  and 1137 cm-1 , and a weak aromatic symmetrical δ(C-C-C) peak at 403 cm-1. 
As expected, the activated [Zn2(Py4-TPE)Cl4] lacks the TCE peaks at at 446cm-1 and 236cm-1. 
 
Figure 4.52 FTIR spectrum of [Zn2(Py4-TPE)Cl4]•4TCE 
 
Figure 4.53 FTIR spectrum of [Zn2(Py4-TPE)Cl4] 
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Figure 4.54 Raman spectrum of [Zn2(Py4-TPE)Cl4]•4TCE 
 
Figure 4.55 Raman spectra of [Zn2(Py4-TPE)Cl4] 
 
 
The zinc(II) network is stable after TCE removal since, after heating at 250oC for 3hrs under high 
vacuum, the PXRDs of the adduct and activated sample are very similar, although there is a loss 
of crystallinity (See Figure 4.56). There is significantly less loss of crystallinity compared to the 
other networks. 
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Figure 4.56 PXRD pattern of [Zn2(Py4-TPE)Cl4]•4TCE(blue) contrasted with [Zn2(Py4-TPE)Cl4]•4TCE after activation(red). 
Activated sample has been displaced vertically to clarify peaks. 
The thermal behavior of [Zn2(Py4-TPE)Cl4]•4TCE was also examined (50-750oC, 20 oC/min) and 
found to be quite similar to that of the other networks (See Figure 4.57) . There was a weight 
loss of 39% over the temperature range 75-200°C, which can be attributed to the loss of 3.7 
mol TCE per 1 mol Py4-TPE (expected mass loss for [Zn2(Py4-TPE)Cl4]•3.7TCE = 38.9%, found = 
39%). This agrees with the elemental analysis results and SCXRD results for the stoichiometry. 
The zinc(II) network undergoes similar weight losses to those of the other M2+( Py4-TPE)Cl2 
networks at 450oC and with the introduction of oxygen at 750oC. The pyrolysis losses (17% vs 
16%) are similar to other networks.  However, the final oxide weight (5.9%) is lower than 
expected (9.2%), but the fact that ZnCl2 boils at 732oC may account for the discrepancy. The 
decays are like those seen for the manganese and nickel networks with highly similar 
temperatures for each weight loss. Small weight differences are seen due to the changes in 
ratios (MCl2Py4) vs (M2Cl4Py2)  
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Figure 4.57 Thermogravimetric analysis(TGA) of [Zn2(Py4-TPE)Cl4]•4TCE terminating at 750°C. Initial trace (red) and derivative 
of that trace with a five point smoothing operation (blue). 
4.3 Fluorescence spectra 
The compounds, [Mn(Py4-TPE)Cl2]•4TCE, [Ni(Py4-TPE)Cl2]•4TCE and [Zn2(Py4-TPE)Cl4]•4TCE are 
markedly fluorescent in the solid state, and their spectra are significantly different to the 
spectra of the pure Py4-TPE ligand as illustrated in Figure 4.58. This is similar to other known 
highly fluorescent TPE networks.4 The emission spectrum of the manganese network is more 
intense and centred around 523nm, while the zinc spectrum is similar, but centred around 
530nm. This enhanced emission is significantly red-shifted compared to the corresponding 
band for the ligand (463nm) and can be attributed to the network reducing non-radiative decay 
pathways by hindering vibrational and rotational relaxation processes, which is also believed to 
contribute to the increased emission. In contrast, the [Ni(Py4-TPE)Cl2]•4TCE exhibits a series of 
fine structure peaks centred around the ligand wavelength without any significant increase in 
intensity or shift in wavelength. These likely arise from coupling of Ni(II) ligand field states with 
the Py4-TPE state. 
Fluorescence spectra of the activated networks (Figure 4.59) were also collected and it was 
found that removal of the TCE had no significant effect on the fluorescence wavelength 
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maxima. The zinc and nickel networks both demonstrate increases in emission intensity while 
the manganese shows a decrease. This difference is attributed  to post activation stability, as 
seen in Figures 4.10 for the manganese(II) compound and Figure 4.56 for the zinc(II) compound, 
since the manganese compound shows a significant loss of crystallinity after activation whilst 
the zinc(II) network PXRD which shows significantly less loss of crystallinity after activation.  
 
Figure 4.58 Fluorescence spectra of Py4-TPE (dashed) and the M(Py4-TPE)Cl2)●4TCE (M = Mn2+(green), Ni2+(orange), and 
Zn2+(blue)) networks as prepared. 
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Figure 4.59 Fluorescence spectra of Py4-TPE (dashed) and the activated M(Py4-TPE)Cl2) networks (M = Mn2+(green), 
Ni2+(orange), and Zn2+(blue)) 
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4.4 Tetraphenylmethane 
Tetrapyridyltetraphenylmethane (Py4-TPM) (Figure 4.60) is a ligand analogous to Py4-TPE in 
which the central planar ethene group is replaced with a tetrahedral C atom.  
A network prepared from this ligand and copper(II) chloride has been reported20 and fully 
characterised. The aforementioned [Cu(Py4-TPM)Cl2]●6.5DMF, network exhibits a three-
dimensional PtS topography, two-fold interpenetration and has 56% void space (See Figure 
4.61). It does not exhibit the 2D planar nature of the Py4-TPE networks, as it lacks the central 
planar ethene double bond with only tetrahedral stereochemistry about the single central 
carbon atom. The fluorescence of the network was not reported.  
This network offers an ideal candidate to compare to the fluorescence of the networks 
described in this chapter. The lack of the ethene double bond is expected to eliminate the AIE 
of the ligand and would confirm the latter’s role in the fluorescence. However, given the 
instability of the copper(II)/Py4-TPE network (See section 4.2.2.5), a direct comparison is unable 
to be obtained, and so the manganese(II) and nickel(II) analogues of this network were 
synthesised to give that direct comparison. The change in solvent composition is unlikely to 
affect the ligand fluorescence and thus enable the comparision.  
The manganese(II) and nickel(II) networks were synthesised using the TCE/MeOH method, to 
maintain the similarity to the Py4-TPE syntheses (See section 2.5), and the resultant products 
characterised as TCE/MeOH solvates via FTIR, PXRD, fluorescence spectroscopy and elemental 
analysis.  
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Figure 4.60 Tetrapyridyltetraphenylmethane (Py4-TPM) 
 
Figure 4.61 Spacefill diagrams of the [Cu(Py4-TPM)Cl2].6.5DMF viewed down the a- axis. Image from Caputo.20 (Cu=brown, 
Cl=green, N=blue, C=grey, H=white) 
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4.4.1 FTIR 
The Py4-TPM ligand and the [Mn(Py4-TPM)Cl2] and [Ni(Py4-TPM)Cl2] solvated (TCE/MeOH) 
networks were also characterised by Fourier transform infrared (FTIR) spectroscopy to confirm 
the presence of the ligand, the TCE and MeOH solvents, as shown in Figures 4.62-4.64.  
The characteristic peaks of the ligand (Figure 4.62) are present in each synthesised network 
(Figures 4.63-4.64) and are similar to the peaks of the Py4-TPE (Figure 4.12). The strongest 
peaks are the aromatic ν(C=C) stretch at 1593cm-1, δ(=C-H) bending at 992cm-1 and the 
aromatic δ(=C-H)(out-of-plane) bending at 805 and 757cm-1, with the only notable change 
being the loss of the δ(C=C) peaks at 753 and 731cm-1.  
However, this assignment is complicated by aromatic δ(=C-H)(out-of-plane) peaks in the same  
range, although several peaks are absent when compared to the spectrum of Py4-TPE. This 
assignment becomes even more uncertain in the [Mn(Py4-TPM)Cl2] and [Ni(Py4-TPM)Cl2] TCE 
solvated networks as the presence of TCE introduces several similar δ(C=C) peaks. On a more 
definitive note, the networks did exhibit the characteristic ν(C-Cl) peak at 900cm-1, making for 
easy confirmation of the presence of TCE. This follows the pattern seen in the Py4-TPE 
networks. The presence of methanol is also confirmed via FTIR. The broad ν(O-H) stretch at 
3336cm-1 and ν(C-H) stretch around 2989cm-1 bending peaks are indicative of methanol. The 
δ(C-H) bending and rocking peaks of the MeOH are obscured by the peaks from the Py4-TPE 
ligand.     
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Figure 4.62 FTIR spectrum of Py4-TPM 
 
Figure 4.63 FTIR spectrum of [Mn(Py4-TPM)Cl2]•2MeOH●0.1TCE 
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Figure 4.64 FTIR spectrum of [Ni(Py4-TPM)Cl2]•4.5MeOH●0.1TCE 
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4.4.2 PXRD 
The PXRD patterns of the manganese(II) and nickel(II) networks, along with the simulated 
copper(II) PXRD derived from the known structure of the copper network, were compared to 
confirm structural consistency. The PXRD patterns of both networks synthesised in this work 
are similar, with strong peaks at 16o, 21o and between 24-26o 2θ. The PXRD patterns for the 
[Mn(Py4-TPM)Cl2] and [Ni(Py4-TPM)Cl2] solvated (MeOH) networks are compared with that of 
the simulated network for the [Cu(Py4-TPM)Cl2]●6.5DMF compound in Figure 4.65, where it can 
be seen they are broadly similar, with some shifts due to the presence of the  MeOH and 
potential TCE solvate  in place of the DMF. The networks cannot be definitely confirmed as 
isostructural.     
It should be noted that simulated PXRD patterns can correctly predict the diffraction angles for 
a proposed structure, but the peak intensities differ, and this fact needs to be taken in account 
when comparing two such patterns for their similarity. This is the likely cause of the absence of 
strong peaks at 6-7o 2θ when compared to the simulated copper(II) network.  
 
Figure 4.65 PXRD patterns of [Mn(Py4-TPM)Cl2]•2MeOH●0.1TCE and [Ni(Py4-TPM)Cl2]•4.5MeOH●0.1TCE, and simulated 
[Cu(Py4-TPM)Cl2]•6.5DMF . Data for as-synthesised bulk sample in blue and red respectively; simulated from SCXRD in green. 
Bulk samples have been displaced vertically to clarify peaks. 
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4.4.3 Fluorescence 
To confirm the role of the ethene double bond in the fluorescence behaviour of the networks, 
the fluorescence of the [Mn(Py4-TPM)Cl2] and [Ni(Py4-TPM)Cl2] solvated (MeOH) networks was 
explored under identical conditions to the Py4-TPE networks, and the results are shown in 
Figure 4.66. The ligand was more emissive than either network but exhibited no clear peak in 
the wavelength range examined. The manganese(II) and nickel(II) networks were significantly 
less emissive than the ligand, with the manganese network showing a weak peak at 515nm and 
this behaviour is attributed to LMCT between the Py4-TPM and the metal ions, since these 
networks, like the Py4-TPM ligand itself, do not exhibit AIE.  
The lack of AIE with the Py4-TPM ligand and its metal derivatives is ascribed to the single bonds 
to the central carbon atom of the ligand which allow rotation of the phenylene arms giving an 
alternative relaxation mechanism.  
In contrast, the Py4-TPE metal networks (described in Section 4.2.2 and illustrated in Figures 
4.58-4.59) all exhibit AIE and show enhanced fluorescence when compared to the Py4-TPE.   
This difference supports the hypothesis that planarity of the central ethene group in the Py4-
TPE ligand enhances the AIE of the Py4-TPE networks and is a significant factor contributing to 
the fluorescent properties of these networks.   
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Figure 4.66 Fluorescence spectra of Mn(II) & Ni(II) Py4-TPM network solvates compared to that of the Py4-TPM ligand. 
4.5 Gas adsorption details  
Prior to gas adsorption studies on the [M2+(Py4-TPE)Cl2]•4TCE compounds , the solid samples 
were heated at 250°C in vacuum (24hrs) to remove the TCE solvent. The PXRD patterns 
observed before and after solvent removal are presented in Figure 4.34(Mn2+) and Figure 
4.56(Zn2+) which exhibits some structural degradation.  
 The CO2 isotherms are depicted for both metal networks (Mn2+ and Ni2+) in Figures 4.67 and 
4.71 respectively. The data for CO2 adsorption corresponds to a type-I isotherm characteristic of 
a microporous material. The BET and Langmuir areas are 405.9m2/g and 501.4m2/g 
respectively, which are comparable to activated charcoals.21 The CO2 adsorption isotherm for 
[Mn(Py4-TPE)Cl2]•4TCE at 258K (Figure 4.67) demonstrates a maximum uptake of 8.07wt%, 
which is comparable to existing networks18. The enthalpy of adsorption of CO2 is -27.2 kJ/mol 
(Figure 4.68) and the isotherm does not exhibit a plateau at higher pressures suggesting a 
cooperative adsorption process.  
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The CH4 adsorption isotherm (Figure 4.69) exhibited a maximum uptake of only 0.88wt% with 
an enthalpy of adsorption of -13.1kJ/mol for CH4 (Figure 4.70). The significantly lower CH4 
adsorption is typical of reported networks to date.22 In addition, the network does not appear 
to absorb either N2 or H2 gas.  This is mostly likely a function of pore size, as there are no 
functional groups with a strong interaction with the gases. 
The CO2 adsorption isotherm for [Ni(Py4-TPE)Cl2]•4TCE at 258K (Figure 4.71) demonstrates a 
maximum uptake of 13.7wt%, a considerable improvement over the manganese(II) network, 
and the enthalpy of adsorption was found to be -27.2kJ/mol (Figure 4.72).  
The CH4 adsorption isotherm (Figure 4.73) exhibited a maximum uptake of only 1.11wt% and 
the enthalpy of adsorption was measured at -19.4kJ/mol (Figure 4.74). The H2 adsorption 
isotherm indicated a fully-reversible uptake of 0.63wt % at 1kPa (Figure 4.75). The enthalpy of 
adsorption was not measured. In contrast to the manganese(II) network, the nickel(II)  network 
absorbed H2, albeit to a limited extent, and exhibited stronger adsorption of both CH4 and CO2 
compared to the manganese(II) network (Compare Figures 4.68 and 4.72 for CO2 adsorption, 
and Figures 4.70 and 4.74 for CH4 adsorption). Similar measurements on the copper(II) network 
were precluded by its instability in air.  
Both the manganese(II) and nickel(II) networks demonstrated a small degree of hysteresis with 
their CO2 isotherms (Figure 4.76), suggesting that a secondary effect could be occurring as the 
gas is desorbed which leads to a slower release of the gas. One possible mechanism for this 
desorption, is the separation of the 2D layers in the network. However, such a process would be 
expected to give rise to a greater degree of hysteresis.  
Given the relatively low measured adsorptions and the similarities of the other networks to the 
measured networks, exploration of the behaviour of the other networks was deemed to be 
unnecessary. 
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Figure 4.67 CO2 adsorption by [Mn(Py4-TPE)Cl2] at 258,273 and 298K 
 
Figure 4.68 CO2 sorption enthalpy vs CO2 sorbed for [Mn(Py4-TPE)Cl2] 
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Figure 4.69 CH4 adsorption by [Mn(Py4-TPE)Cl2] at 258,273 and 298K 
 
Figure 4.70 CH4 sorption enthalpy vs CH4 sorbed for [Mn(Py4-TPE)Cl2] 
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Figure 4.71 CO2 adsorption by [Ni(Py4-TPE)Cl2] at 258,273 and 298K 
 
Figure 4.72 CO2 sorption enthalpy vs CO2 sorbed for [Ni(Py4-TPE)Cl2] 
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Figure 4.73 CH4 adsorption by [Ni(Py4-TPE)Cl2] at 258, 273 and 298K. 
. 
 
Figure 4.74 CH4 sorption enthalpy vs CH4 sorbed for [Ni(Py4-TPE)Cl2] 
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Figure 4.75 H2 adsorption by [Ni(Py4-TPE)Cl2] at 77K, and desorption 
 
Figure 4.76 Adsorption of CO2 by [Ni(Py4-TPE)Cl2]diamonds) and [Mn(Py4-TPE)Cl2](triangles) exhibiting hysteresis.  Desorption 
is shown in a lighter colour. 
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4.6 Unsuccessful variations 
Other attempts to create additional variations of this network, including those based on 
changes to the solvent mixture, were unsuccessful (described in section 2.4.3). Other 
chlorinated aromatics (tetracholobenzene and chlorobenzene) were used alongside 
chloroform. These were unsuccessful with no products forming.  
Other metal ions were also explored, aluminum(III), cadmium(II) and manganese(II) 
vanadium(V) oxide (Mn2V2O7) mixtures were used, but resulted in the precipitation of the 
ligand rather than formation of any network, and so were not continued.   
The use of copper(I) iodide clusters, as a replacement for the M2+Cl species, in a solvothermal 
system with CH3CN:H2O as the solvent, was also attempted. A yellow amorphous powder was 
recovered from the synthesis. FTIR screening confirmed the presence of the ligand, but 
crystallization proved problematic. Since the original submission of this thesis, Zhao has 
reported the synthesis of this network23 by using a different solvent mixture, together with PEG 
(polyethylene glycol) as a templating agent. This work further demonstrates the role templating 
agents can play in the formation of Py4-TPE coordination networks.     
The position of the TCE in the pores with closely packed ethene cores inspired us to consider 
the possibility of photocatalysis when exposed to UV light. Several problems emerged during 
the development of this application. The identification of the product was complicated by the 
presence of the ligand and remaining TCE. No conclusive evidence of photocatalysis was ever 
demonstrated and so this line of enquiry was discontinued, but this could be further explored 
using more appropriate UV source and instrumentation.  
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4.7 Conclusions   
Three metal organic frameworks [Mn(Py4-TPE)Cl2]•4TCE, [Ni(Py4-TPE)Cl2]•4TCE and [Cu(Py4-
TPE)Cl2]•4TCE  have been synthesised and their structures determined via single X-ray 
crystallography. These isostructural networks form 2D planes consisting of octahedral metal 
ions with axial chlorides and equatorial pyridyl groups. The networks are all porous with modest 
surface areas (405.9-501.4m2/g).   
A similar coordination polymer [Zn2(Py4-TPE)Cl4]•4TCE was also synthesised and characterised. 
The zinc coordination polymer consists of 1D ribbons with tetrahedral metal ions. The TCE plays 
a similar role as in the other networks, but is more disordered. The zinc network has a similar 
porosity to the other networks.  
The highlight of the work in this chapter is the clear delineation of the role solvents can play in 
the assembly of metal organic frameworks. Indeed, the syntheses were only possible in the 
presence of TCE and 2,3-dimethyl-2-butene, suggesting that the molecular topography about 
the ethene bond is acting as a structure directing agent during the synthesis. This demonstrates 
the crucial, but unpredictable, role that foreign molecules can perform during molecular self-
assembly in solution. Hexachlorobenzene also demonstrated a comparable effect on the 
structure. When present, alongside chloroform, it induced a shift into a different topology as 
well as interpenetration in the pore space. This represents a significant degree of control over 
the topology of the resultant network with small changes in solvent composition.   
The copper network collapsed upon removal of the solid from the mother liquor. This is similar 
to many known MOFs, although it is unusual for a change in metal centre to have such a 
significant effect as this. The removal of the solvent was confirmed to be the ‘collapsing step’, 
as opposed to a competing ligand. This behaviour appears similar to one common to many 
CuX2Py4 compounds.15  
The resultant manganese(II), nickel(II) and zinc(II) coordination polymers were shown to be 
stable upon removal of the clathrated solvent up to 450°C, and to retain their porosity upon 
solvent removal. Gas adsorption measurements on the de-solvated networks (nickel and 
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manganese) indicate that they are moderately selective, and that their behaviour was typical of 
similar MOF networks. The [Ni(Py4-TPE)Cl2]•4TCE network exhibiting the greatest capacity to 
absorb polar gases, despite its structural similarity to the other networks.   
The networks also continue to display the fluorescent properties of Py4-TPE, modulated 
according to the coordinating metal, as compared to previously reported Py4-TPM networks, 
which were found to be functionally non-emissive. This fluorescence of the Py4-TPE networks 
was consistent even after the removal of solvent. The influence of the metal ions was also 
observed with the nickel network exhibiting fine structure peaks in the fluorescence spectrum.  
The work reported here highlights the potential of TPE to act as a readily synthesised ligand 
based on a rigid ethene platform. Combined with TCE, these networks represent an interesting 
advance in the application of structure directing agents. Hexachlorobenzene and DMB were 
also found to exhibit similar behaviour. The resultant networks demonstrated consistent gas 
adsorption and fluorescent properties. The zinc and manganese networks exhibited the 
greatest potential for sensing as they exhibit ligand based, or LMCT luminescence.      
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CHAPTER V 
ZINC TETRAPYRIDYLTETRAPHENYLETHENE: A POROUS COORDINATION 
POLYMER FOR THE SENSING OF VOLATILE ORGANIC COMPOUNDS 
5.1 Introduction 
Volatile organic compounds (VOCs) are organic compounds that have significant vapour 
pressures at room temperature. There are a wide variety of VOCs and depending on their 
properties, they have the potential to cause serious health problems including: cancer, liver and 
kidney damage and various membrane irritations. Hence, the emission of most anthropogenic 
VOCs is regulated by law and must be monitored. Therefore, reliable analytical techniques for 
their detection are vital. The key sources of VOCs are degassing from various paints, solvents, 
adhesives and coatings, and exhaust gases from combustion. An important subcategory of 
VOCs are those associated with explosives. The detection of explosives has application in both 
the industrial and the security sector. In this work, the focus is on aromatic VOCs such as 
benzene, toluene and nitrobenzene.  
Many explosive devices are made from nitroaromatics (eg. 2,4,6-trinitrotoluene, picric acid, 
styphnic acid) and so the capacity to sense these compounds is paramount. The present work 
has focused on 2,4-dinitrotoluene as it is a key indicator for the presence of trinitrotoluene 
(TNT) since it is produced as a side product during the manufacture of explosives and has a far 
higher vapour pressure than TNT.   
Given the potentially hazardous nature of VOCs, significant effort has been expended 
identifying potential sensors for them. A variety of fluorescent solid-state materials have been 
used in these applications, including MOFs (Metal Organic Frameworks) and PCPs (Porous 
Coordination Polymers).  Their high surface areas, variety of output modes and possible 
interaction modes make them attractive candidates.1-6 
Their luminescence can result from a variety of mechanisms: Ligand to Metal Charge Transfer 
(LMCT), Metal to Ligand Charge Transfer (MLCT), Ligand to Ligand Charge Transfer(LLCT), Metal 
to Metal Charge Transfer(MMCT) and ligand-centred luminescence (as described in section 
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1.2.9.1). Metal based luminescence usually involves lanthanide complexes and so will not be 
discussed here. In this work, the focus is on ligand-based emission and, in particular 
Aggregation Induced Emission (AIE). Most metal-ligand based luminescent networks have used 
Cd(II) or Zn(II) as the metal. Sensors based on these materials require a highly fluorescent 
network that has a measurable response to interactions with an analyte. Ligands that exhibit 
the AIE effect may form brightly fluorescent components when their molecular motion is 
restricted in PCPs or MOFs.7, 8 
This area has seen considerable interest in the last few years. The generally accepted 
mechanism for this is the restriction of intramolecular rotations (RIR). This is described in more 
detail in section 1.4.1. The mechanisms of RIR have been extensively explored in reviews by 
Hong and Mei.8-10 In brief, the RIR blocks the non-radiative pathways and compels the use of 
radiative channels for de-excitation processes. This mechanism is the opposite to the more 
common Aggregation Caused Quenching (ACQ) but is more attractive because fluorophores are 
generally more functional in aggregated forms. Tetraphenylethene (TPE) based networks have 
played a significant role in this research to-date, as TPE is a fluorophore which exhibits 
significant aggregation-induced emission (AIE). 
In such TPE systems, there are also peak shifts associated with the rotation of the peripheral 
aromatic moieties. The coplanar conformation is linked to a bathochromic shift (red shift) 
arising from an extension of the π-electron conjugation, while the perpendicular conformation 
weakens this conjugation leading to a hypsochromic shift (blue shift). Several studies have 
observed this in TPE networks.11, 12 Most notably, Wei described a zirconium carboxyl-TPE metal 
organic framework with a significant blue shift. Conformation changes were observed in the 
network and the mechanism was confirmed via molecular simulations (DFT). Terahertz time-
domain spectroscopy has been used to further explore this mechanism and in particular the effect 
that rotation has on the shift of the emission.13 The literature has clearly demonstrated that an 
increase in the dihedral angles between the central ethene and the phenylene rings leads to a 
breakdown in the delocalised conjugated system creating a widened energy gap between 
HOMO and LUMO.14 This mechanism is common to most AIE compounds and is widely 
accepted in the literature.  
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This AIE sensing has been widely used to create fluorescent chemosensors for explosives.12, 15-17 
A wide variety of these have been synthesised including small molecules, polymer, hybrids, 
coordination polymers and MOFs.  TPE based MOF and CP (explosive) sensing is covered in 
more detail in section 1.2.9.2.2.   
5.2 Results and discussion  
Details of the experimental method are discussed in section 2.2.3.3. The fluorescence testing 
was performed on activated batch samples.  
Like most TPE derivatives, the Py4-TPE ligand exhibits aggregation induced emission (AIE) 
behaviour in the solid and aggregated states. Of the complexes discussed in Chapter IV, 
[Zn2(Py4-TPE)Cl4]•4TCE was found to be the only compound with significant sensing potential. 
The copper network could not be used as it is unstable upon removal of solvent. The nickel and 
manganese networks were deemed inappropriate after preliminary testing. Both demonstrated 
a lack of wavelength maxima shift and weak-to-no intensity shifts after exposure to analytes 
(benzene, toluene, mesitylene) making them unsuitable candidates. As expected (See section 
1.2.9), the [Zn2(Py4-TPE)Cl4]•4TCE demonstrated both a wavelength maximum shift and an 
intensity change, which supports LMCT based fluorescence.  
The fluorescence emission maxima in the solid-state for the Py4-TPE ligand and the [Zn2(Py4-
TPE)Cl4]•4TCE) are 450 nm and 530 nm (λex = 340 nm), respectively (See Figure 5.1), with the 
[Zn2(Py4-TPE)Cl4]•4TCE emission being red shifted compared to the ligand solid-state emission, 
independent of the excitation wavelength. This shift remains unaltered after removal of the TCE 
solvate during the activation process. There is an increase in fluorescence between the starting 
material and the activated material (approximately 1.5-fold increase), suggesting that the solid-
state packing arrangement remains essentially unchanged when the TCE is removed, with the 
increase in intensity attributed to less absorbance by the solvate. This is consistent with the AIE 
model of fluorescence, which does not involve the tetrachloroethene molecules contained in 
the pores.  
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Figure 5.1 Fluorescence spectra of [Zn2(Py4-TPE)Cl4]•4TCE  coordination polymer, [Zn2(Py4-TPE)Cl4] and the Py4-TPE ligand in 
the solid-state. 
For all sensing experiments, activated [Zn2(Py4-TPE)Cl4] was used. The activation procedure is 
detailed in section 2.2.3.3. When the activated [Zn2(Py4-TPE)Cl4] coordination polymer was used 
to sense liquid analytes (benzene, toluene, m-xylene, mesitylene, anisole, chlorobenzene), 
10mg of the activated solid coordination polymer was soaked in the analyte for 6 hours. The 
sample was then centrifuged and air dried, and 5mg of the solid sample used for standard 
fluorescence testing.  When different exposure times were required, samples were run 
concurrently.          
For the sensing of analyte vapours (nitrobenzene, DNT), 5mg of the solid activated coordination 
polymer was placed in an open vial, which was then sealed in a larger vial alongside 2g of the 
analyte. After a predetermined period of time (1, 3, 6, 24hrs), the sample was removed and 
underwent standard fluorescence testing. When different exposure times were required, 
samples were run concurrently.          
Figure 5.2 provides an overview of the structure of the [Zn2(Py4-TPE)Cl4]•4(TCE) porous 
coordination polymer (PCP). For a detailed discussion of the structure of [Zn2(Py4-
TPE)Cl4]•4(TCE), see section 4.2.6. 
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Figure 5.2 Extended Zn2(Py4-TPE)Cl4 chains of the coordination polymer layered along the a axis.  
5.3.1 Influence of VOC’s on fluorescence of [Zn2(Py4-TPE)Cl4] coordination polymer in liquid 
phase 
5.3.1.1 Methyl substituted benzenes 
The [Zn2(Py4-TPE)Cl4] coordination polymer exhibited “turn on” fluorescence when exposed to 
pure liquid samples of each of the methyl-substituted aromatic hydrocarbon volatile organic 
compounds: benzene, toluene, m-xylene and mesitylene (See Figure 5.3). Although a variety of 
the di- and tri-substituted hydrocarbons exist, the VOCs were chosen as representative 
compounds for methyl substituted materials. m-Xylene was chosen, opposed to other xylene 
isomers, as it represented a geometric compromise between toluene and mesitylene.   
While the benzene-exposed [Zn2(Py4-TPE)Cl4] coordination polymer exhibited an increase in 
fluorescence intensity, it exhibited no red shift in the fluorescence maxima at 530nm. The peak 
maximum wavelength for the [Zn2(Py4-TPE)Cl4] on exposure to the methyl-benzenes exhibited 
the same 13nm red-shift of the wavelength to 517nm no matter how many methyl substituents 
were present on the VOC, as can be seen in Figure 5.4 and Table 5.1. 
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Figure 5.3 Structure of aromatic hydrocarbons VOCs examined 
5.3.1.2 Effect of analyte on peak position (λmax) 
The constant λmax shift for the observed turn-on fluorescence suggests that the analytes lock 
the rotation/vibration of the central phenylene rings in a consistent way. This is similar to the 
mechanism reported by Mei9 where further restrictions of the rotation of the central phenyl 
group leads to a bathochromic shift. Thus, it appears that the structure of the [Zn2(Py4-TPE)Cl4] 
coordination polymer favours strong π-π interactions between the aromatic groups on the Py4-
TPE which create the voids, and facilitate the adsorption of the VOCs. This constant 
bathochromic shift, in the presence of any methyl substituted benzene, suggests that they 
interact with the [Zn2(Py4-TPE)Cl4] coordination polymer forcing a co-planar orientation of the 
central rings. This result demonstrates that the degree of substitution does not influence the 
constant shift in λmax, and that once forced into a co-planar orientation, the addition of further 
methyl groups does not cause any further distortion.  
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Figure 5.4 Fluorescence spectra of activated [Zn2(Py4-TPE)Cl4] when exposed to various methyl-substituted aromatic volatile 
compounds 
Table 5.1 The shift in fluorescence wavelength maxima of activated [Zn2(Py4-TPE)Cl4] when exposed to benzene and various 
methyl-substituted aromatic VOCs 
 
[Zn2(Py4-TPE)Cl4] Benzene Toluene 
M-
xylene 
Mesitylene 
λmax [Zn2(Py4-TPE)Cl4] 530nm - - - - 
λmax(adsorbate) - 530nm 518nm 517nm 517nm 
Δ(λmax[Zn2(Py4-TPE)Cl4]–
λmax(adsorbate)e 
Ø Ø 12nm 13nm 12nm 
Quantum yield (ΦFL) 14% 43% 36% 29% 21% 
 
5.3.1.3 Effect of analyte on fluorescent intensity (ΦFL) 
The fluorescence intensity change is, however, inversely related to the degree of substitution 
(See Figure 5.4). The quantum fluorescence yield (ΦFL), relative to the desolvated [Zn2(Py4-
TPE)Cl4] coordination polymer decreases from 43% for benzene to 36% for toluene to 29% for 
m-xylene and finally, to 21% for mesitylene (See Table 5.1). Given that the mechanism of 
                                                     
e  Δ λmax = The change in wavelength max as measured between the maxima of each spectrum. 
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interaction is by π-π stacking between the analyte and the phenyl/pyridyl rings, then it is not 
surprising that increasing substitution on the benzene ring appears to increase the probability 
of a blocking interaction.  
5.3.1.4 Other representative VOCs analytes 
To further explore these interactions, the [Zn2(Py4-TPE)Cl4] coordination polymer was exposed 
to pure liquid samples of aromatic hydrocarbons possessing chloro-, methoxy- and nitro-
substituents.   
5.3.2 Chloro- and methoxy- substituted benzenes 
Like the aromatic hydrocarbon VOCs, the [Zn2(Py4-TPE)Cl4] coordination polymer exhibited 
“turn on” fluorescence when exposed to the chloro- and methoxy-substituted aromatic volatile 
organic compounds. However, unlike the pure hydrocarbon substituents the magnitude of the 
peak maximum wavelength (λmax) exhibited a differing shift, depending on the nature of the 
substituent. With chlorobenzene, there was an 8nm shift, and with anisole there was a 19nm 
shift, as shown in Figure 5.5 and summarised in Table 5.2.  
This suggests that the adsorption interaction, while influenced by the electron withdrawing 
group (Cl), is dominated by the same π-π stacking preventing planar orientation, as seen with 
the methyl substituted aromatics. The methoxy substituted benzene, anisole, has a far larger 
maximum wavelength shift and a similar, if weaker, intensity increase. It is likely that π-π 
stacking is still the dominant mechanism as this is consistent with the intensity enhancement. 
The electron releasing group (O-CH3) acts in a similar manner to that of the methyl groups, but 
also alters the emission wavelength maximum. Both chlorobenzene and anisole show similar 
orders of magnitude shifts in λmax for the position of the peak fluorescence emission. This adds 
further evidence to the suggested mechanism of π-π stacking.  
The changes in fluorescence intensity for the chlorobenzene and anisole adsorbent, and the 
quantum fluorescence yield (ΦFL) for the coordination polymer are presented in Table 5.2.  
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Iodobenzene was also explored as a possible analyte to contrast with chlorobenzene.  However, 
this caused dissolution of the [Zn2(Py4-TPE)Cl4] coordination polymer and so was not a viable 
option.   
 
Figure 5.5 Fluorescence spectra of activated [Zn2(Py4-TPE)Cl4] when exposed to various non-methyl substituted aromatic 
hydrocarbon VOCs 
Table 5.2 The shift in fluorescence wavelength maxima of activated [Zn2(Py4-TPE)Cl4] when exposed to various non-methyl 
substituted aromatic hydrocarbon VOCs 
 [Zn2(Py4-TPE)Cl4] Anisole Chlorobenzene 
λmax [Zn2(Py4-TPE)Cl4] 530nm - - 
λmax(adsorbate) - 511nm 522nm 
Δ(λmax[Zn2(Py4-TPE)Cl4]–
λmax(adsorbate) 
Ø 19nm 8nm 
Quantum yield (ΦFL) 14% 27% 21% 
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5.3.3 Response of [Zn2(Py4-TPE)Cl4] coordination polymer to nitroaromatic vapours 
To further explore the sensing properties of the [Zn2(Py4-TPE)Cl4] coordination polymer , nitro-
substituted aromatic VOCs were examined. These are widely used in explosive devices and so 
reliable and accurate detection is important. Additionally, they are highly damaging 
environmental pollutants.  The model analyte 2,4-dinitrotoluene (DNT) was selected as it is a 
key molecule for the detection of trinitrotoluene (TNT) based explosives, since it has a high 
vapour pressure, and is produced as a by-product of the synthesis of TNT.  
The mechanism describing the quenching of fluorescence by the nitro group is well understood. 
Electron transfer from the electron-rich fluorophore to the electron-deficient nitroaromatic 
occurs as the nitroaromatic is adsorbed.18-20 Resonance energy transfer can also occur, and if 
so, will further enhance the quenching however, this does not appear to occur with the 
networks described in this work. The fluorescence quenching efficiency (QE), as distinct from 
the quantum fluorescence yield, was determined from the equation QE = (I0-I)/I0 where I0 is the 
intensity before exposure to the analytes, and I is the intensity after exposure to analytes.  
To demonstrate the ability of [Zn2(Py4-TPE)Cl4] to detect these explosive analytes, solid samples 
of activated [Zn2(Py4-TPE)Cl4] coordination polymer were exposed to the vapours of DNT 
(vapour pressure at 25°C= 1.44 x 10-4mmHg = 0.19 x 10-6atm) and nitrobenzene (NB) (vapour 
pressure at 25°C= 0.24mm Hg = 320 x 10-6atm) vapours for 24hours, which led to a quenching 
(“turn-off”) of the fluorescence, and a 13nm hypsochromic (blue) shift, as illustrated in Figure 
5.6 and summarised in Table 5.3.  
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Figure 5.6 Fluorescence spectra of activated [Zn2(Py4-TPE)Cl4] when exposed to various nitro substituted aromatic volatile 
organic compounds 
Table 5.3 The shift in fluorescence wavelength maxima of activated [Zn2(Py4-TPE)Cl4] when exposed to various nitro-
substituted aromatic volatile organic compounds 
 [Zn2(Py4-TPE)Cl4] Nitrobenzene DNT 
λmax [Zn2(Py4-TPE)Cl4] 530nm - - 
λmax(adsorbate) - 506nm 527nm 
Δ(λmax[Zn2(Py4-TPE)Cl4]–
λmax(adsorbate) 
Ø 24nm 2nm 
Quenching efficiency (QE) - 84.1% 62.4% 
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The response of the [Zn2(Py4-TPE)Cl4] coordination polymer to nitrobenzene and DNT vapour 
was also measured as a function of time, and found to be relatively slow,6 with the [Zn2(Py4-
TPE)Cl4] coordination polymer achieving quenching saturation after approximately 6 hours 
exposure to the nitrobenzene vapours, and 24hrs for DNT vapours (84.1%, 62.4% quenching 
efficiency for NB and DNT respectively), and only limited reduction occurring with further 
exposure (as seen in Figures 5.7 and 5.8).  The slowness of the effect is to be expected as the 
vapour pressure of nitrobenzene, while higher than DNT, is low when compared to the other 
analytes used in this study (Table 5.4).   
 
Figure 5.7 Fluorescence spectra of [Zn2(Py4-TPE)Cl4] when exposed to nitrobenzene vapours for increasing periods of time 
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Figure 5.8 Fluorescence spectra of [Zn2(Py4-TPE)Cl4] when exposed to DNT vapours for increasing periods of time 
 
Table 5.4 Vapour pressure of analytes studied in this work 
Analyte Vapour pressure at 25°C (mmHg) 
Benzene 100 
Toluene 28.4 
m-Xylene 9 
Mesitylene  2.5 
Anisole 3.5 
Chlorobenzene 9 
Nitrobenzene 0.3 
DNT 0.00012 
TNT 0.000008 
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The usability of this [Zn2(Py4-TPE)Cl4] coordination polymer is highly dependent on the 
predictability of the peak shift. The mechanism of analyte interaction, dependent on the 
substituent, suggests that the binding amount per host would also be unique for each analyte; 
the nitro-aromatic substituted VOCs likely having different binding modes than the methyl-
aromatic VOCs. It is difficult to judge specific binding affinity, as encapsulation and release of 
VOCs for both liquid and vapour phases was performed in the solid state. The observed 
fluorescence interaction is expected to be specific to the particular VOC at its unique vapour 
pressure at ambient temperature, and it will also depend on the nature and completeness of its 
binding to the PCP substrate, amongst other factors.  
However, this combination of peak shift and intensity change allows for the generation of 2D 
maps which enables the identification of many analytes with similar physicochemical properties 
as demonstrated by Hu,6, 21, 22  and the [Zn2(Py4-TPE)Cl4] coordination polymer represents 
another contribution toward the group of fluorescent sensors showing both these shifts.  
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5.3.1 Characterisation of activated [Zn2(Py4-TPE)Cl4] coordination polymer with toluene  
To confirm full activation of the pores on the release of the analytes and the stability of the 
[Zn2(Py4-TPE)Cl4] coordination polymer, a sample soaked in toluene was analysed via 
thermogravimetric (TGA) analysis and the exhaust gases analysed via GC-MS and Fourier 
Transform Infrared spectroscopy (FTIR). The TGA result (Figure 5.9) is similar to the original 
synthesised [Zn2(Py4-TPE)Cl4] coordination polymer (which contained TCE), but with a smaller 
(10%) weight loss.  This is to be expected, given the less occupied pores and the lower 
calculated molar mass of toluene compared with TCE (molecular weight of the activated PCP 
(C46H32N4Zn2Cl4) is 913.36 g/mol compared to 92.14 g/mol for toluene). This is consistent with a 
formula of [Zn2(Py4-TPE)Cl4]•C7H8, giving one toluene per pore, which is ¼ occupancy when 
compared to the TCE. This suggests the packing of the toluene in the pore is significantly less 
efficient or that the activatation of the network reduces the available pores. 
 
Figure 5.9 TGA of [Zn2(Py4-TPE)Cl4]•C7H8 soaked in toluene, then heated from 50-700oC  
The FTIR (Figure 5.10) and GC-MS (Figure 5.11 and Figure 5.12) of the exhaust gases confirmed 
that the species lost during heating was indeed toluene. In the FTIR, faint peaks were seen 
around 3000cm-1 indicating a low concentration of aromatic species. The GC-MS confirmed the 
identity of the released species as toluene by a match with the toluene mass spectrum in the 
internal library.23 
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Figure 5.10 FTIR spectrum of [Zn2(Py4-TPE)Cl4]•C7H8 exhaust from TGA measured at 90% weight   
 
Figure 5.11 Chromatogram of [Zn2(Py4-TPE)Cl4]•C7H8 exhaust from TGA measured at 90% initial weight   
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Figure 5.12 GC-MS of[Zn2(Py4-TPE)Cl4]•C7H8 exhaust from TGA measured at 3.90 min (red) compared to an internal library 
reference of toluene (green)23 
In addition to thermogravimetric characterization of the [Zn2(Py4-TPE)Cl4]•C7H8, the 
coordination polymer with toluene was characterised via PXRD and compared to the activated 
[Zn2(Py4-TPE)Cl4] coordination polymer (Figure 5.13). The lower angle reflections remain 
consistent while the higher reflections are changed significantly. Most notably, the strong peaks 
around 17o 2θ are shifted lower with several shoulders also present. An additional shoulder also 
appeared on the higher 18o 2θ peak.  
The relative intensity of the two peaks around 20o was demonstrated to shift upon activation of 
the [Zn2(Py4-TPE)Cl4] coordination polymer (Figure 5.15). This also occurred upon the 
introduction of toluene.  
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Figure 5.13 PXRD pattern of activated [Zn2(Py4-TPE)Cl4] (blue) and [Zn2(Py4-TPE)Cl4]•C7H8 (red). [Zn2(Py4-TPE)Cl4]•C7H8 sample 
has been displaced vertically to clarify peaks. 
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5.3.2 Reversibility study with nitrobenzene  
In each case, the [Zn2(Py4-TPE)Cl4] coordination polymer was activated then soaked in 
nitrobenzene for 3 hours and then activated again. This cycle was repeated three times, with 
the [Zn2(Py4-TPE)Cl4] coordination polymer recording a consistent response to the analyte, as 
seen in Figure 5.14. These soaked samples gave similar responses to the samples exposed to 
gaseous nitrobenzene with the first exhibiting a 10-fold loss in intensity and the following 
undergoing a 6-fold loss. The consistent results for each type of analyte cycle indicate that the 
response is reversible and that the [Zn2(Py4-TPE)Cl4] can be readily regenerated by simply 
pumping off the absorbed analyte at 150oC under vacuum for 3 hours. The [Zn2(Py4-TPE)Cl4] 
coordination polymer maintained its structure even after repeated activation cycles as can be 
seen via the consistent PXRD in Figure 5.15. The pattern does show some broadening of the 
peaks accompanied by shifts in relative intensity.  
 
Figure 5.14 Corresponding fluorescence spectra of [Zn2(Py4-TPE)Cl4] before (blue) and after (red) exposure to the 
nitrobenzene analyte after three consecutive quench/regeneration cycles. The intensity was monitored at 506nm. 
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Figure 5.15 PXRD pattern of activated [Zn2(Py4-TPE)Cl4] (blue) and activated [Zn2(Py4-TPE)Cl4] after three cycles (red). 
Activated [Zn2(Py4-TPE)Cl4] after three cycles has been displaced vertically to clarify peaks. 
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5.4 Conclusion  
By careful choice of ligand (Py4-TPE) and crystal engineering, a novel porous coordination 
polymer (PCP), [Zn2(Py4-TPE)Cl4], that retains the excellent AIE fluorescence of the ligand, has 
been constructed and used as a new sensor for volatile organic compounds. The other 
networks synthesised (Mn, Ni, Cu) also retain the fluorescence behaviour, but were eliminated 
as potential sensors based on response and stability.  
The structure of the [Zn2(Py4-TPE)Cl4] coordination polymer contains voids bounded by four 
phenylene and four pyridyl rings that can freely rotate and vibrate, which results in either 
multiple enhancement, or quenching, of the fluorescent sites decorating the large rhomboid 
channels in the structure. 
The AIE effect of these phenyl/pyridyl rings allows for the sensing of various aromatic VOCs by 
monitoring of the “turn-on” (enhancement) fluorescent response. The change in peak intensity 
in response to these analytes was linked to the degree of substitution on the aromatic rings, 
while the change in emission wavelength maximum was determined by the nature of the 
substituent. As such, the [Zn2(Py4-TPE)Cl4] coordination polymer can detect and differentiate 
between different types of VOCs.  
Additionally, the [Zn2(Py4-TPE)Cl4] coordination polymer demonstrated a predictable response 
to nitro-substituted VOCs with a significant reduction in peak intensity - a “turn-off” 
(quenching) response coupled with a change in emission wavelength maximum. To further 
investigate its potential as a sensor material, the coordination polymer’s response and kinetics 
to nitro-VOC gas analytes was also briefly explored, with the [Zn2(Py4-TPE)Cl4] coordination 
polymer demonstrating a significant response towards gaseous explosive residues.  
The possible mechanism of adsorption was further explored by a thermogravimetric study of 
the toluene adsorbed material, which demonstrated that toluene occupied the pores with a 1:1 
ratio to the ligand. This is broadly consistent with other known TPE based sensors.24 A GC-MS 
analysis of the vapours emitted when the coordination polymer was heated, established the 
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presence of toluene in the pores. The presence of the toluene in the pores was further 
confirmed via PXRD. 
The [Zn2(Py4-TPE)Cl4] coordination polymer sensing behaviour was also demonstrated to be 
reversible via three quenching and activation cycles during nitrobenzene testing, thus indicating 
the robust nature and structural stability of the coordination polymer. This was further 
supported via PXRD analysis of the final [Zn2(Py4-TPE)Cl4] coordination polymer showing limited 
structural alteration after repeated activation thus demonstrating the potential practicality of 
this sensor.  
The [Zn2(Py4-TPE)Cl4] coordination polymer represents a new member of a growing family of 
AIE based VOC sensors, which in this initial work displayed both “turn-on” and ”turn-off” 
behaviour combined with predictable wavelength shifts. But, the AIE mechanism observed here 
is distinct from the fluorescence observed in other PCPs, and this work represents one of only a 
few dual-response networks reported. This expands on the rich potential of functional, 
fluorescent PCPs and points toward further novel PCPs with variable response emissions.  
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CHAPTER VI 
FORMATION OF MIXED LIGAND 
TETRAPYRIDYLTETRAPHENYLETHENE/DICARBOXYLATE 
METAL ORGANIC FRAMEWORKS 
6.1 Introduction 
The incorporation of several types of ligand in a molecular structure is a widely used strategy 
for controlling the properties of coordination networks, which include MOFs. As reported in the 
literature and demonstrated in previous chapters, MOFs containing tetraphenylethene (TPE) 
are being used for sensing applications to detect metal ions and volatile organic compounds. In 
2014, Gong reported a mixed-ligand tetrapyridyl-substituted tetraphenylethene (Py4-TPE) metal 
organic framework incorporating a benzene-1,3,5-tricarboxylate (btc) anion bonded to zinc(II) 
ions.1 This mixed-ligand approach resulted in modification of the emission properties of the Py4-
TPE centre, and enabled its use in white LED applications. Expanding on this work, 4,4ʹ-
biphenyldicarboxylate has been used as the co-ligand, in combination with zinc and cadmium ions, 
to produce sensors for both volatile organic compounds and mycotoxins.2, 3 These networks have 
increased photon quantum yield and improved chemical stability relative to the Py4-TPE ligand.  
More recently, Rudd has reported the synthesis of a MOF using Py4-TPE and large dicarboxylic 
acids, such as 9H-fluorene-2,7-dicarboxylic acid and 9,10-anthracenedicarboxylic acid for the 
sensing of heavy metals and carbon tetrachloride.4, 5 Terephthalic acid has also been explored 
as a co-ligand for Py4-TPE although it was determined that its rectangular shape precluded 
cocrystallisation, whereas the bent isophthalic acid was successful in this role.6 
Previous work in this thesis has described several M2+ Py4-TPE MOFs and coordination polymers 
(Chapter IV). Each of the synthesised networks exhibited either a sheet or chain structure. As an 
extension of these studies, two distinct crystalline networks have been synthesised which 
expand on these known networks by incorporating dicarboxylate anions as pillaring agents, 
with the potential to increase the interlayer distance between the Py4-TPE sheets, and to allow 
for greater control over their physico-chemical properties, such as their gas adsorption and 
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fluorescence behaviour. A number of metal ion species have been explored, but this chapter 
focuses on zinc(II) networks, as these showed the greatest promise in sensing applications due 
to their superior fluorescence properties( See section 1.2.9.1 and 5.1 for a discussion of MOF 
luminescence and the use of zinc(II)).   
Carboxylate anions can bond to metal ions via several modes as shown below in Figure 6.3, and 
all three of these modes are observed in the compounds described in this chapter. 
 
Figure 6.3 Possible carboxylate coordination modes. 
Two dicarboxylic acids were chosen as potential ligands based on previous work reported in the 
literature: (a) chiral camphoric acid (H2cam)(Figure 6.4a), which had previously been show to 
act as a pillaring agent by Liang and Gadzikwa7, 8 it is appealing due to its bent, chiral nature and 
availability, while still remaining a dicarboxylate; and (b) terephthalic acid, (Figure 6.4b), a 
commonly used pillaring agent,9, 10 which is commonly referred to as benzene-1,4-dicarboxylic 
acid (H2BDC) or BDC2- when used as the anionic ligand.  
 
Figure 6.4 (a):(1R,3S)-(+)-camphoric acid(H2cam) and (b):terephthalic acid/ benzene-1,4-dicarboxylic acid (H2BDC). 
  
b) a) 
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6.2 Synthesis 
The synthesis of these networks is described in Chapter 2; suffice to say they were prepared by 
a solvothermal method. The products were characterised via FTIR, fluorescence spectroscopy, 
TGA-GC/FTIR, and single crystal and powder XRD analysis.  
6.3 Results and discussion 
6.3.1  Structure of Zinc(II) Py4-TPE camphorate framework 
A metal organic framework was synthesised from the Py4-TPE ligand, (1R,3S)-(+)-camphoric acid 
and zinc(II) nitrate via a solvothermal method. The product was isolated as yellow, opaque, 
plate-like crystals. The network is soluble in methanol, water and chlorinated solvents, and 
insoluble in hexane. The structure analysis was completed using the Olex2 GUI software suite 
and solved using direct methods, then refined by full matrix least squares using SHELXL-2017. 
Thermal parameter restraints were applied to the methyl groups on the camphorate as well as 
the solvated pyridyl ring. All non-hydrogen atoms were refined anisotropically.  
The resultant MOF crystallises in space group Fdd2. The ASU, shown in Figure 6.5, contains a 
distorted trigonal bipyramidal zinc centre coordinated to a HPy4-TPE+ cation and a (1R,3S)-(+)-
camphorate(2-) anion, with a disordered nitrate anion and disordered water molecules present 
in the pores. The structure of the MOF consists of a Zn2(Py4-TPE)2 unit linked by dicarboxylate 
ligands to form a ladder-type 1D coordination polymer, which is then crosslinked to another 1D 
coordination polymer and thus formulated as [Zn(cam)HPy4-TPE]+. Structural analysis indicated 
the presence of a medium strength hydrogen bond between a pyridyl moiety on the Py4-TPE 
ligand and a camphorate carboxylate (Figure 6.7). This arrangement demands an anion for 
charge balance to be present in the lattice, and since only nitrate salts were used in the 
preparation this was suspected to be the most likely candidate, although in the crystal structure 
it was disordered and its position could not be determined with certainty. Subsequently, the 
detection of the nitrate ion was achieved via ion chromatography and quantified by 
colorimetric analysis (See section 2.2.3.9 and 6.3.2). Hence, the product is formulated as 
[Zn(cam)(HPy4-TPE)]+NO3-.f 
                                                     
f Note the charges are shown here for clarity. Hereafter they will be assumed unless inappropriate.    
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Figure 6.5 Asymmetric unit of the cationic [Zn(cam)(HPy4-TPE)]+ in the MOF. Hydrogens not shown for clarity. The disordered 
nitrate anion and water molecules, which were removed by the SQUEEZE routine, are also not shown. 
In the structure, the five-coordinate zinc(II) ions bind to the nitrogens on two pyridyl rings, and 
three oxygens from two carboxylate anions (as shown in Figure 6.6), with selected bond angles 
given in Table 6.1. The four pyridyl moieties on each Py4-TPE molecule coordinate to two 
separate zinc ions, a single camphorate oxygen via hydrogen bonding and, remarkably, there is 
a single non-coordinating pyridyl which extends into the pore and is solvated by water.  
The Zn-N and Zn-O bond lengths are well within known lengths with the Zn-N distances being 
2.048(9)-2.005(5)Å. The Zn-O bond distances differ for the different bonding modes of the two 
camphorate groups: the bidentate camphorate group bond lengths are 2.193(11)-2.258(10)Å, 
while the monodentate group is 1.965(9)Å. The geometry about the zinc(II) ion can best be 
described as a distorted trigonal bipyramid, with the angles around the bidentate carboxylate 
being the most distorted, as shown in Figure 6.6 and listed in Table 6.1. The bidentate 
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carboxylate has a similar O-C-O angle to that of the monodentate carboxylate (∠O3-C53-O4 = 
122.3(16)o, ∠O1-C47-O2 = 120.2(14)o). The hydrogen bond length between O2 and N3 in Figure 
6.7 is 2.523(17)Å, which is consistent with strong to medium strength bonding.11 
 
 
Figure 6.6 Bonds around the zinc centres in [Zn(cam)(HPy4-TPE)]NO3 
Table 6.1 Selected bond angles for [Zn(cam)(HPy4-TPE)]NO3. 
Atom 1 Atom 2 Atom 3 Angle/o 
N1 Zn1 O1 111.3(3) 
N1 Zn1 O3 129.1(2) 
N1 Zn1 O4 93.7(3) 
N2 Zn1 N1 98.3(3) 
N2 Zn1 O1 98.3(4) 
N2 Zn1 O4 147.3(4) 
N2 Zn1 O3 90.4(4) 
O1 Zn1 O3 116.8(3) 
O1 Zn1 O4 105.5(4) 
O3 Zn1 O4 58.9(3) 
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The camphorate anions act as linkers between the zinc(II) nodes forming a 1D coordination 
polymer. Each camphorate anion coordinates to two zinc ions via two separate carboxylate 
groups in two different coordination modes as well as being H-bonded to a Py4-TPE pyridyl 
group (Figure 6.7). The alternating camphorate anions and zinc cations propagate along the c 
axis with the Py4-TPE cross-linking them to a second chain (Figures 6.8 and 6.9). 
 
 
Figure 6.7 Coordination modes of the camphorate anion in [Zn(cam)(HPy4-TPE)]NO3. This demonstrates two different 
camphorate bonding modes to zinc(II) as well as the hydrogen bonding (O2-H-N3; 2.523(17)Å) to the pyridyl group. 
The overall topology of this network is a one-dimensional coordination polymer of alternating 
zinc ions and camphorate ions, cross linked by two Py4-TPE molecules to a second one-
dimensional coordination polymer (visualised in Figures 6.8 and 6.9). The packing arrangement 
gives rise to a porous structure. Given that the coordination polymer is one-dimensional there 
is no topological net description for this compound.12 
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Figure 6.8 [Zn(cam)(HPy4-TPE)]NO3 viewed along the b axis showing crosslinking between the 1D coordination polymer 
chains. Hydrogens are not shown for clarity. 
 
Figure 6.9 A chain of [Zn(cam)(HPy4-TPE)]NO3 viewed along the a axis.  Note the two coordination polymers linked by TPE 
cross-linkers. Hydrogens are not shown for clarity. 
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The pore environment can be visualised as alternating between pores similar to those 
previously seen in [Zn2(Py4-TPE)Cl4]  (see section 4.2.6, Figures 4.49 and 4.51 in this thesis and 
the comparison in Figure 6.10)and camphorate centres opposite the phenylpyridyl arms as seen 
in Figure 6.11. These form 1D channels with the dimensions 14.163(8) x 7.542(4)Åg running 
along the c axis, alternating between pyridyl/camphorate layers as can be seen in Figures 6.12 
and 6.13. These channels are distinct from those seen in previous networks in several 
important ways.1, 2, 4, 5 While the Py4-TPE pore is superficially similar to the [Zn2(Py4-TPE)Cl4] 
coordination polymers’ pores (section 4.2.6), the replacement of the halide by camphorate has 
allowed pillaring by the camphorate which prevents direct stacking between the Py4-TPE 
ligands. This, combined with the hydrogen bonding between camphorate and the HPy4-TPE+, 
allows for the uncoordinated pyridyl groups to extend into the channels, which dramatically 
changes the overall pore environment. This uncoordinated pyridyl group is unusual and has not 
been seen in other mixed-ligand systems using Py4-TPE. The pillaring camphorate faces the pore 
with the methyl groups extending into the channels.  
                                                     
gMeasured between pyridyl carbons and zinc metal centres. 
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Figure 6.10 Pore environments of [Zn(cam)(HPy4-TPE)]NO3 (left) and [Zn2(Py4-TPE)Cl4]•4TCE(right) are shown to demonstrate 
similarities. Hydrogens are not shown for clarity. This comparison is useful for showing pore environment around the Py4-TPE 
although it does not visualise the uncoordinated pyridyl group. 
 
Figure 6.11 [Zn(cam)(HPy4-TPE)]NO3 viewed along the b axis. Zinc(II) ions are shown but obscured. Hydrogens are not shown 
for clarity. 
 244 
 
 
Figure 6.12 Pore environment of [Zn(cam)(HPy4-TPE)]NO3 viewed along the c axis showing bond distances (in Å). Measured 
between pyridyl carbons and zinc centres. H-bonding shown as a green line between the pyridyl and the carboxylate. The 
other 1D coordination polymer’s Py4-TPE is shown as wireframe outline.   
 
Figure 6.13 Pore environment of [Zn(cam)(HPy4-TPE)]NO3 viewed along the c axis. All chains are in the same plane.  Viewed 
along the c axis. Hydrogens not shown for clarity. 
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In this structure, the term “ribbon” is used to describe the hydrogen bonded 1D chains that 
form between the Py4-TPE and the camphorate, as seen in Figure 6.14. The phenylenepyridyl 
arms are from separate 1D coordination polymers to those that form the pores. The ribbons are 
propagated via the hydrogen bonding between the pyridyl nitrogen and the camphorate 
carboxylic oxygen (See Figures 6.11 and 6.12), as well as through moderate strength π-π 
stacking between the phenylenepyridyl arms and the TPE cores for which the centroid-centroid 
distances of the N3 and N1 pyridyl rings were measured at 3.844(8)Å with an offset face-to-face 
angle of 11.16(5)o.h  
The pores are occupied by disordered water molecules and a disordered nitrate anion. The 
nitrate ion could not be sensibly identified and was detected using other techniques (See 
section 6.3.2). These were modeled by use of the SQUEEZE/PLATON routine,13 which identified 
a void volume of 436Å3 with 156 electrons for each ASU, this is consistent with a nitrate anion 
and 12 water molecules. The total void space is 32.1%. This is consistent with the elemental 
analysis.   
 
                                                     
h This was calculated using the full variance-covariance matrix with the Olex2 MPLN command to obtain the 
centroids. 
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Figure 6.14 Alternating coloured “ribbons” of [Zn(cam)(HPy4-TPE)]NO3 viewed along the c axis.. All ribbons are in the same 
plane. Hydrogens not shown for clarity. Each second ribbon is coloured differently to better show the individual ribbons. 
6.3.2 Ion Chromatography and Colorimetry for the Qualitative and Quantitative 
Determination of Nitrate  
The analytical methods used for ion chromatography and the colorimetric Griess method are 
described in Section 2.2.3.10-2.2.3.11. 
Given that the position of the nitrate ion in the crystal lattice was unable to be successfully 
refined, other methods were used to determine its presence and concentration. The detection 
of the nitrate ion was successfully achieved via anion chromatography and the nitrate 
concentration, measured via the colormetric Griess method, was determined to be one nitrate 
ion per formula unit.  
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6.3.4 Characterisation of  Zinc Py4-TPE camphorate framework 
The network and its constituent ligands were examined by Powder X-ray Diffraction (PXRD), 
\Fourier Transform Infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA).  
6.3.4.1 Powder XRD (PXRD) 
The PXRD pattern was collected to determine the phase purity of the bulk sample.  The 
measured XRD pattern is similar to the pattern simulated from the single crystal diffraction data 
(Figure 6.15). Note the peaks scale in intensity relative to the simulated pattern due to the 
variable slit size used. This leads to weaker than expected peaks at lower 2θ angles and more 
intense peaks at higher 2θ angles.    
 
 
Figure 6.15 PXRD pattern of [Zn(cam)(HPy4-TPE)]NO3. Data for as-synthesised bulk sample in red; simulated from SCXRD in 
blue. Bulk sample has been displaced vertically to clarify peaks. 
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6.3.4.2 Fourier transform infrared spectroscopy 
The FTIR spectra of pure samples of Py4-TPE and camphoric acid are shown in Figures 6.16 and 
6.17 respectively. The FTIR of Py4-TPE is discussed in detail in 4.2.2.2 and here it should be 
noted that the aromatic ν(C=C) peaks at ~1600cm-1 and ~1485cm-1, as well as the δ(C=C) peaks 
from 810-725cm-1 were used to identify the ligand.  
The camphoric acid has weak ν(C-H) peaks centred at 2975cm-1. A strong peak at 1690cm-1 is 
attributed to a ν(C=O) stretch and the peak at 1375cm-1 is attributed to δ(C-H) bending. A series 
of C-H wagging and rocking peaks extend from 1280-1150cm-1. Finally, a strong peak at 937cm-1 
is assigned to δ(O-H) out of plane bending.  
The FTIR spectrum of the as-prepared network is shown in Figure 6.18. The presence of 
intercalated solvent (H2O) is clearly indicated by general broadening of the spectrum as well as 
the very broad peak around 3239cm-1 arising from the ν(O-H). The presence of the camphorate 
anion is mostly obscured by broadening from the water peaks. However, the weak ν(C-H) peaks 
at 2925cm-1 align with those in the camphoric acid, and the shoulder on the 1615cm-1 peak is 
likely due to an ethene stretch overlain with the ν(C=O) stretch from the camphorate. The peak 
at 1311cm-1 is ascribed to C-O stretching with a shoulder from the camphorate δ(C-H). The 
strong sharp peaks at 1039, 814 and 730cm-1 can be attributed to the Py4-TPE ligand, which 
have been observed in previous FTIR spectra.  
The nitrate peaks14 are likely obscured or overlapping. The weak shoulder at ~1311cm-1 is a 
possible N=O stretch, but the broadening makes definitive identification very difficult. There is 
another possible (N-O) peak at 814cm-1 although this is close to the aromatic peaks from the 
Py4-TPE ligand and hence obscured. 
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Figure 6.16 FTIR spectrum of Py4-TPE (Solid state, ATR) 
 
Figure 6.17 FTIR spectrum of camphoric acid (Solid state, ATR) 
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Figure 6.18 FTIR spectrum of “as prepared” [Zn(cam)(HPy4-TPE)]NO3 (Solid state, ATR) 
The network was heated under vacuum at 120oC for three hours to remove the water in the 
pores and then re-examined via FTIR (Figure 6.19). This led to a general sharpening of the peaks 
and a diminished intensity for the water peak. The peaks attributed to the Py4-TPE ligand at 
1010, 809 and 757cm-1 are significantly sharper and better defined while remaining close to 
expected values. The presence of ν(N-H+) from the pyridinium participating in the hydrogen 
bond is possible (expected at 1630cm-1)15, but obscured as it overlaps with the ν(C=C) Py4-TPE 
ligand peak. 
 
Figure 6.19 FTIR spectrum of [Zn(cam)(HPy4-TPE)]NO3 after activation. (Solid state, ATR) 
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6.3.4.3 TGA-FTIR-GCMS 
6.3.4.2.1 Thermogravimetric analysis 
A TGA performed on Zn(NO3)2·6H2O (Figure 6.20) showed a slow gradual decay from 100-350°C 
and then a stable plateau until termination at 700oC. Given that there was not a clear 
delineation between nitrate and water, FTIR analysis of the gases was required. The nitrate 
decomposes into nitrogen dioxide which generates peaks at 1630 and 1595cm-1. The overall 
absorbance over the entire TGA, and the absorbance at 1630cm-1 over the entire TGA, are 
shown in Figures 6.21 and 6.22, respectively. (Note that the peak intensity exhibits a delay 
relative to the TGA). The absorbance peak for nitrogen dioxide appears at ~350°C with a smaller 
loss at 275°C, which is ascribed to the reaction: 
2ܼ݊(ܱܰଷ)ଶ  ⇒  2ܼܱ݊ + 2ܱܰଶ +  ܱଶ 
This will be compared against the behaviour of the network. 
 
Figure 6.20 Thermogravimetric analysis (TGA) of zinc(II) nitrate hexahydrate terminating at 700oC 
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Figure 6.21 Overall absorbance over the entire TGA of Zn(NO3)2·6H2O. 
 
Figure 6.22 NO2 peak intensity (1630cm-1) over the entire TGA of Zn(NO3)2·6H2O. 
A TGA was performed on [Zn(cam)(HPy4-TPE)]NO3. The network undergoes a 25% weight loss 
over the temperature range 100-150°C, as shown in Figure 6.23, which is attributed to the 
gradual release of water trapped in the pores. This was confirmed via FTIR of the exhaust gases 
(Figures 6.25 and 6.26). Between 150-250°C the network undergoes a second decay losing an 
additional 20% of initial weight. The overall mass loss from 100-225oC encompassing both 
decays is 43%, which is consistent with the decay of the camphorate, nitrate and 12 H2O 
molecules (expected 40%) and agrees with the estimated solvent content via SQUEEZE.  
These decays can be followed in the FTIR spectra collected during the activation of the network. 
The network was consistently yellow in colour when activated at 120oC, which indicates it 
maintains its structural integrity when heated at this temperature. But when activated at higher 
temperatures (~150 oC), the network undergoes a sudden change to a dark brown. 
This is expected given both the nitrate and water are much more loosely bound in the network. 
Similar to zinc nitrate (Zn(NO3)2), the loss of either nitrate or water is not strongly delineated. In 
addition, the camphorate is also decarboxylating at a similar temperature, further complicating 
these two decays. Compared to the decay of zinc nitrate hexahydrate, the loss of both water 
and nitrate ion occur at a much lower temperature with complete loss concluding at 200oC 
compared to 350oC for the zinc nitrate. It is suggested that the lower decomposition 
 253 
 
temperature of the nitrate coordinate network arises from its facile reaction with the 
protonated pyridyl groups to form HNO3 in situ via: 
2ܱܰଷି(ܽݍ) + ݌ݕܪା ⇒   ܪܱܰଷ(ܽݍ) +  ݌ݕ  
2ܪܱܰଷ ⇒ 2ܱܰଶ + 1/2ܱଶ + ܪଶܱ 
 
This is likely to occur at a lower temperature than that of the forced decomposition of Zn(NO3)2 
which follows the equation: 
ie    2ܼ݊(ܱܰଷ )ଶ ⇒   2ܼܱ݊ +  4ܱܰଶ + ܱଶ 
The FTIR spectrum recorded at 10% weight-loss (90% of initial weight) (Figure 6.25) confirmed 
the release of water in the volatiles (compare to Figure 6.24). The group of peaks between 
4000-3500cm-1 and 2000-1500cm-1 are indicative of water. The nitrate peak could not be 
observed due to overlapping water peaks.  
Observing the FTIR CO2 peak intensity (2372cm-1) over the entire analysis range (Figure 6.27) 
indicates both thermal decays generate CO2. Note the lack of CO2 release during the initial 
decay (R.T – 200oC) followed by a prolonged evolution of CO2 from 200-300oC (FTIR spectrum 
shown in Figure 6.26). Finally, between 450oC-500oC, a second CO2 peak was observed during 
the pyrolysis of the ligands. 
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Figure 6.23 Thermogravimetric analysis (TGA) of [Zn(cam)(HPy4-TPE)]NO3 terminating at 750oC 
 
Figure 6.24 FTIR spectrum of pure water vapour 16 (Vapour phase, gas cell) 
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Figure 6.25 FTIR spectrum of [Zn(cam)(HPy4-TPE)]NO3 vapour taken at 90% of initial weight  (100oC) (10% decomposition). 
Observe the weak water peaks at 4000-3500 and 2000-1300cm-1. (Vapour phase, gas cell) 
 
Figure 6.26 FTIR spectrum of [Zn(cam)(HPy4-TPE)]NO3 vapour taken at 70% of initial weight  (200oC) (30% decomposition). 
The significantly larger peak at 2300cm-1 is attributed to decarboxylation of the camphorate as well as CO2 contamination in 
the carrier gas (N2). The peaks at 4000-3500cm-1 and 2100-1300cm-1 are assigned to water vapour upon comparison with 
Figure 6.24. The spectrum was corrected to compensate for background CO2 contamination of the carrier gas (N2). (Vapour 
phase, gas cell) 
 
Figure 6.27 CO2 peak intensity (2372cm-1) over the entire TGA. Note the decarboxylation of the camphorate from 200-325oC 
and the pyrolysis from 450-500oC. 
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The volatiles released at 200oC, corresponding to 60% of initial weight (40% decomposition), 
were examined by GC (Figure 6.28) and the mass spectrum of the samples ((A) Figure 6.29 and 
(B) Figure 6.30) examined. The mass spectrum for the initial peak at 2.28min (A) (Figure 6.29) 
contained a product ion at 58m/z17 which is attributed to a trace of acetone (MW=58g/mol) 
from the cleaning of the TGA pan.  The sharp peak in the gas chromatogram at 15.29min(B) 
exhibited a mass spectrum with strong peaks at 55, 69, 83, 95, 138m/z, along with a variety of 
other products ranging in mass from 69-141m/z (Figure 6.30), which when compared to a 
sample of camphoric acid run under similar conditions (Figure 6.31), confirmed its presence in 
the sample. It is noteworthy that there is no molecular ion in either spectrum for camphoric 
acid (198m/z).  
 
Figure 6.28 Gas chromatogram taken at 60% of initial weight (200 oC)(40% decomposition). Mass spectral measurements 
taken from the initial peak A(2.28min) and the peak at B(15.29min).   
B 
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Figure 6.29 Mass spectrum of the 2.28min peak (A) measured at 60% of initial weight (200oC) (40% decomposition). This is 
consistent with minor acetone contamination from cleaning of the pan. 
 
Figure 6.30 Mass spectrum of the 15.28min peak (B) measured at 60% of initial weight (200oC) (40% decomposition). Note 
the similarity with the camphoric acid spectrum. 
 
Figure 6.31 Mass spectrum of camphoric acid. Note the peaks at 55, 69 and 95m/z and their relative intensity. 
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In the region of 485-525°C, the network rapidly decays with 80% weight loss (20% of its original 
weight) (Figure 6.23). FTIR analysis of the exhaust gases suggests that further CO2 and aromatic 
compounds are leaving the network during this decay (Figure 6.32), as evidenced by weak 
peaks appearing in the FTIR at 3000cm-1, which suggesting pyrolysis of the remaining Py4-TPE 
ligand. The residue then remains stable up to the maximum temperature of 750oC with the 
remaining weight (20% of original weight) being consistent with incomplete pyrolysis and  
leading to zinc carbonate residues.  
 
Figure 6.32 FTIR of [Zn(cam)(HPy4-TPE)]NO3 vapour taken at  30% of initial weight (495oC) (70% decomposition).  Note the 
aromatic peaks around 3000cm-1. 
Overall, these results indicate that the network is not very thermally robust since it begins to 
decompose in the region of 150oC. This is most likely because of the facile formation of HNO3 
from its precursor components, (pyH+(aq) and NO3-(aq)) which are in close proximity to one 
another throughout the structure.  
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6.3.5  Structure of Zinc Py4-TPE BDC network  
The reaction of the Py4-TPE ligand, H2BDC and zinc(II) nitrate, via a solvothermal procedure, 
gave a metal organic framework that was isolated as colourless, needle-like crystals. The 
network was soluble in water, methanol and chlorinated solvents, and insoluble in hexane. 
Structural analysis was completed in the same manner as the previous structure in this chapter.   
The resultant MOF crystallises in space group P-1. The ASU contains half a Py4-TPE molecule, 
two tetrahedrally-coordinated zinc(II) centres, two BDC dianions, as shown in Figure 6.33, and 
disordered water molecules occupying the pores. Hence, the network is formulated as 
[Zn4(BDC)4(Py4-TPE)].  
The zinc(II) ions are arranged in pairs and held in close proximity by two bridging carboxylate 
groups. Each zinc(II) ion coordinates to a single pyridyl ring, and three carboxylate oxygens on 
three separate BDC dianions, as shown Figure 6.34. The Zn-N distances range from 2.006(7)-
2.016(7)Å and the Zn-O distances range from 1.914(6)-1.963(6)Å, which are both within 
expected ranges.18 
The tetrahedral geometry of the zinc ion is slightly distorted, with the nitrogen lying in a non-
ideal position. The N1-Zn1-O1 angle is significantly larger than expected (127o) for an idealised 
tetrahedral stereochemistry (109.5o). The nitrogen is displaced towards the O5 and O7 atoms 
which also explain their slightly smaller angles (Table 6.2).  Both zinc(II) centres exhibit this 
distortion, which is attributed to steric hindrance around the Py4-TPE pyridyl groups.   
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Figure 6.33 Asymmetric unit of [Zn4(BDC)4(Py4-TPE)]. Hydrogens not shown for clarity. The disordered water molecules, 
which were removed by the SQUEEZE routine, are also not shown. 
 
 
Figure 6.34 Bonds around the zinc centres in [Zn4(BDC)4(Py4-TPE)]. 
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Table 6.2 Selected bond angles for [Zn4(BDC)4(Py4-TPE)]. 
Atom 1 Atom 2 Atom 3 Angle/° 
N1 Zn1 O1 127.0(3) 
N1 Zn1 O5 101.3(3) 
N1 Zn1 O7 100.6(2) 
O1 Zn1 O5 104.6(2) 
O1 Zn1 O7 108.1(2) 
O5 Zn1 O7 115.9(2) 
N2 Zn2 O3 121.6(2) 
N2 Zn2 O6 105.5(3) 
N2 Zn2 O8 98.5(3) 
O3 Zn2 O6 104.7(2) 
O3 Zn2 O8 105.1(2) 
O6 Zn2 O8 122.9(2) 
 
The overall structure consists of a 2-fold interpenetrated 2D network, with dimensionality 
added by pillaring BDC dianions, and hexagonal pores occupied by disordered water molecules, 
as illustrated in Figures 6.35 to 6.37.  
In net terminology, the structure can be visualised as a 2D network with Py4-TPE as a 4-
coordinate node and the dimer zinc(II) ions as a 3-coordinate node. Together they form a 2D 
sheet (as seen in Figure 6.35) comprised of (3,4) nodes. Further links occur to each of the 
dimers corresponding to the bidentate phthalates to give a 3D network. The Schläfli symbol for 
this would be {4264} {4367}. The network is 2-fold interpenetrated by a second identical network 
as illustrated in Figures 6.36 and 6.37. This interpenetration is unlike that seen in [Mn(Py4-
TPE)Cl2]•4CHCl3. This network exhibits significantly stronger π- π interaction between the 
pillaring agents (BDC in this network and Py4-TPE in [Mn(Py4-TPE)Cl2]•4CHCl3) and the Py4-TPE 
ligand.   
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Figure 6.35A 2D plane of [Zn4(BDC)4(Py4-TPE)] shown along the a axis. The structure has been simplified by treating Py4-TPE 
as a 4 coordinate node(Green), and the dimer zinc ions as a 3 coordinate node(blue). 
 
Figure 6.36 The 3D structure of [Zn4(BDC)4(Py4-TPE)] shown along the a axis. The structure has been simplified by treating 
Py4-TPE as a 4 coordinate node(Green), and the dimer zinc ions as a 5 coordinate node(blue). 
 
Figure 6.37 The 3D structure of [Zn4(BDC)4(Py4-TPE)] shown along the a axis showing the 2-fold interpenetration. The 
structure has been simplified by treating Py4-TPE as a 4 coordinate node(Green), and the dimer zinc ions as a 5 coordinate 
node(blue). The two distinct networks are coloured in pink and dark blue. 
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Each Py4-TPE molecule coordinates with four zinc(II) ions. Two of the four BDC dianions 
coordinate with two zinc(II) ions with each carboxylate group being monodentate, while the 
other two coordinate with four zinc ions(II) with each carboxylate group bridging and acting as 
a pillaring agent (See Figures 6.3, 6.38 and 6.39). The Py4-TPE molecules lie in the same plane as 
the mono-dentate BDC dianions (See Figures 6.38-6.4) and each Py4-TPE has a π-π stacking 
interaction with two bridging BDC dianions from another interpenetrated network. These BDC 
dianions lie between two of the central phenylene rings that share a single ethene carbon with 
edge-to-face (EF) and offset face-to-face stacking (OFF) occurring with two separate phenylene 
rings. The centroid-centroid distances were measured at 4.751(5)Å for the EF and 3.848(3)Å for 
the OFF interaction with 103.5(3)o and 10.4(3)o angles respectively, as can be seen in Figure 
6.38.i This is consistent with moderate-to-strong π-π stacking.  
 
Figure 6.38 Pores of [Zn4(BDC)4(Py4-TPE)] viewed along the a axis. Hydrogens not shown for clarity. The BDC dianions in the 
pores are from the interpenetrated network. π-π centroid-centroid distances (in Å) are shown. 
                                                     
i This was calculated using the full variance-covariance matrix with the Olex2 MPLN command to obtain the 
centroids. 
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The Py4-TPE and the two monodentate BDC dianions are bound to four zinc(II)  ions which can 
be considered to form a plane, while the other two bridging BDC molecules act as pillaring 
agents between the planes. The planes are created by pairs of zinc(II) ions with coordination 
alternating between Py4-TPE molecules and monodentate BDC dianions. The pillaring bridging 
BDC dianions coordinate to four zinc(II) ions in two separate layers producing the 3D network. 
These pillaring BDC dianions create a 7.992(15)Å gap between the layers, as measured between 
Py4-TPE phenyl carbons in different layers (Shown in Figure 6.39). Note that the network is 
interpenetrated and this gap is occupied by the second network, hence reducing the total 
available void space.  
 
 
Figure 6.39 Layers of [Zn4(BDC)4(Py4-TPE)] viewed along the b axis. Hydrogens not shown for clarity. Note that this network is 
interpenetrated and so the pores shown in this image are filled by the second network. Distances in Å.  
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Pores, that are formed between the BDC dianions that coordinate with two zinc(II) ions and the 
Py4-TPE, are then occupied by the interpenetrated pillaring bridging BDC dianions which lie near 
the TPE cores (See Figure 6.41). These pores form 1D channels running though the framework. 
The dimensions of each pore are 11.883(14)Å x 11.660(15)Å measured between the BDC 
dianions carbons (See Figure 6.40). The channel alternates between small pores similar to those 
seen in previous Py4-TPE networks (Figure 6.10) and larger pores decorated by Py4-TPE and 
monodentate BDC molecules that are interpenetrated by a pillaring BDC anion, as illustrated in 
Figure 6.38.  
These pores are filled with disordered water molecules. These were modeled in the SCXRD 
structure by use of the PLATON/SQUEEZE routine.13 This calculated a void of 478Å3 with 123 
electrons for each ASU, which is consistent with 12 water molecules per ASU. The presence and 
quantity of the occluded water was confirmed by TGA (See later discussion, Figure 6.45). The 
total void space of the framework is 40.2%. When compared to the elemental analysis (3 water 
molecules observed), this is significantly greater than expected. This absent occluded water can 
be ascribed to degassing during both transit and analysis. As can be seen in the TGA, the loss of 
this water is rapid and immediate upon removal from the solvent and increases under flowing 
nitrogen gas.  
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Figure 6.40 Pore environment of [Zn4(BDC)4(Py4-TPE)] showing the pore dimensions (in Å). Viewed along the a axis 
 
Figure 6.41 Interpenetration of [Zn4(BDC)4(Py4-TPE)]. Hydrogens not shown. Viewed along the aaxis. The two interpenetrated 
networks are shown in distinct (red, blue) colours. The pores are occupied by disordered water molecules (not shown). 
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6.3.6 Characterisation of Zinc Py4-TPE BDC network  
6.3.6.1 Powder XRD  
The PXRD pattern was collected to determine the phase purity of the bulk sample.  The 
measured XRD pattern was in good agreement with the pattern simulated from the single 
crystal diffraction data (Figure 6.42) indicating the sample was a pure phase. 
It should be noted that while simulated PXRD patterns can correctly predict the diffraction 
angles for a proposed structure, but the peak intensities differ, and this fact needs to be taken 
in account when comparing two such patterns for their similarity. Instrumental conditions 
cannot be perfectly recreated and this affects the simulated results.   
 
Figure 6.42 PXRD of [Zn4(BDC)4(Py4-TPE)]. Experimental data for as-synthesised bulk sample in blue; simulated from SCXRD in 
red. 
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6.3.6.2 FTIR 
Fourier Transform Infrared spectroscopy was used to examine the network, and the H2BDC 
ligand precursor. The FTIR spectrum of the Py4-TPE ligand was shown earlier in this chapter in 
Figure 6.16. The same peaks were used to establish its presence in the network.  
The FTIR of H2BDC is shown in Figure 6.43. The carboxylic acid presence is demonstrated via the 
moderate strength, broad ν(O-H) stretching peaks at 3064-2656cm-1, although these are 
obscured by ν(C-H) stretching from the phenylene ring. The strong carbonyl ν(C=O) stretch is 
observed as a broad band centred at 1676cm-1. The additional ν(O-H) bands are observed at 
1280cm-1, with a broad, out-of-plane, vibration at 925cm-1. The peak at 1422cm-1 is attributed 
to ν(C=C) stretching from the phenylene ring. The weaker peaks are related to C-C and C-H 
vibrations from the phenylene ring. As such, they are not useful for the identification of the 
BDC2- as they overlap with similar peaks from the Py4-TPE ligand.     
The FTIR spectrum of the network is shown in Figure 6.44. The presence of the solvent (H2O) 
can be seen clearly through the broad peak around 3400cm-1. The peak at 1494cm-1 is assigned 
to the ν(C=C) stretch in the Py4-TPE. Similarly, the aromatic peaks at 1385 and 1355 cm-1 are 
attributed to the Py4-TPE ligand although the shoulders suggest the possibility of similar 
obscured peaks from the BDC2-. The weak triplet of aromatic δ(C-H) peaks at 1074, 1043, 
1010cm-1 are characteristic of the Py4-TPE ligand. Note the similarity of these peaks to those 
seen in the M2+(Py4-TPE)Cl2 networks (See Section 4.2.2.2). The presence of the BDC2- 
carboxylate anions is indicated by the moderate strength band around 1583cm-1 which is 
assigned to the ν(C=O) carbonyl stretch. Aromatic peaks for the BDC2- are not unique as they 
overlap with similar peaks from the Py4-TPE ligand, although the spectrum does suggest a 
network with mixed aromatics.  
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Figure 6.43 FTIR spectrum of H2BDC 
 
Figure 6.44 FTIR spectrum of [Zn4(BDC)4(Py4-TPE)] 
6.3.6.3 TGA-FTIR-GCMS 
6.3.6.3.1 Thermogravimetric analysis   
The network undergoes a 18% weight loss over the temperature range 50-100°C, as shown in 
Figure 6.45, which is attributed to the gradual release of water trapped in the pores. This 
compares to an expected loss of 21.7% from 12 H2O molecules.  The FTIR of the vapour 
released during this decay is consistent with H2O as shown in Figure 6.46 (Compare with data 
for H2O shown in Figure 6.24).  
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Figure 6.45 Thermogravimetric analysis (TGA)  of [Zn4(BDC)4(Py4-TPE)] terminating at 700oC 
 
Figure 6.46 FTIR of [Zn4(BDC)4(Py4-TPE)] taken at 90% of initial weight (75oC) (10% decomposition). This is consistent with 
water vapour.  
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In the region of 400-500°C, the network undergoes a second decay to 60% weight loss (40% 
decomposition) followed by a slow decay of the remaining solid up to the termination 
temperature of 700oC. The vapour, released during this decay was monitored via infrared 
continuously, and the major weight loss was confirmed as due to pyrolysis, evident via the large 
increase in CO2 peaks in the FTIR (2400cm-1), as well as the weak aromatic peaks (3100cm-1) at 
500°C (See Figure 6.47). This is similar to the TGA behaviour of the camphorate network. This 
weight loss is consistent with the loss of the BDC molecules and Py4-TPE (expected remaining 
mass (ZnO)4= 33%.)  
 
Figure 6.47 FTIR of [Zn4(BDC)4(Py4-TPE)] taken at 35% of initial weight (500oC) (65% decomposition).  
The vapour released during the weight-loss at 500°C was collected and analysed via GC-MS at 
60% of the initial weight. The GC chromatogram, shown in Figure 6.48, detected a single decay 
product at 2.9 minutes retention time. The mass spectrum (shown in Figure 6.49) confirms the 
emission of benzene (m/z 78), which is an expected by-product of the pyrolysis of both the 
BDC2- anion and the Py4-TPE ligand. These results demonstrate the thermal robustness of this 
network towards degradation and indication its suitability for high temperature (<450oC) 
applications.  
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Figure 6.48 Gas Chromatogram taken at 35% of initial weight (500oC) (65% decomposition). Measurement shown at the peak 
(3.33min)  
  
Figure 6.49 GC-MS spectrum of the 2.9 min peak measured at 35% of initial weight (500oC) (65% decomposition) (red) 
compared to the spectrum of benzene (green)  
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6.4 Fluorescence behaviour of the networks 
The fluorescence behaviour typical of the Py4-TPE ligand was preserved in the networks 
described in previous chapters. Hence, the fluorescence of the [Zn(cam)(HPy4-TPE)]NO3 and the 
[Zn4(BDC)4(Py4-TPE)] networks was examined in the solid-state in the hope that this phenomena 
was also observed in these material (See Figure 6.50).  
When compared to the spectrum of the pure ligand, the spectrum of the [Zn(cam)(HPy4-
TPE)]NO3 network exhibited a 2-3 fold increase in fluorescence intensity, along with a red shift 
in the wavelength peak maximum from 463nm for the ligand, to 529nm for the camphorate 
network. The resultant quantum yield was 7.91%. 
The [Zn4(BDC)4(Py4-TPE)] network exhibited similar behaviour, but with a 5-fold increase in 
fluorescence intensity, and a lesser shift of the wavelength peak maximum (504nm). The 
resultant quantum yield was 9.27%. 
This is similar to the behaviour of other reported metal networks, and results from similar 
mechanisms in which the networks restrict the rotation of the TPE core phenylene rings which 
causes aggregation induced emission as expected. The shift in wavelength peak maximum for 
the BDC network 41nm) is consistent with other networks (47nm-52nm for all reported 
networks). The large shift for the camphorate network (62nm) can be attributed to the novel 
coordination of the Py4-TPE ligand and thus a different environment for the emission TPE core.      
The increase in emission intensity correlates with the degree of π-π stacking experienced by the 
TPE. The BDC network with close stacking between the phenylene rings and the BDC molecules 
has a much stronger emission. The lesser amount of stacking in the camphorate network, 
however, leads to a smaller increase in intensity. This is consistent with other mixed ligand Py4-
TPE systems. 3-5, 19 
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Figure 6.50 Solid-state fluorescence spectra of “as prepared” [Zn(cam)(HPy4-TPE)]NO3, “as prepared” [Zn4(BDC)4(Py4-TPE)] 
and Py4-TPE. 
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6.5 Conclusions 
Two mixed-ligand metal organic frameworks: [Zn(cam)(HPy4-TPE)]NO3 and [Zn4(BDC)4(Py4-TPE)] 
with unique structural features, have been synthesised via solvothermal reactions. These 
networks were characterised via FTIR, PXRD, and TGA and their structures determined by single 
crystal X-ray crystallography.  
The [Zn(cam)(HPy4-TPE)]NO3 network consists of alternating camphorate anions and Py4-TPE, 
creating a porous coordination network, with a phenylpyridinium arm hydrogen- bonding to a 
camphorate anion, and a solvated, non-coordinating pyridyl ring extending into the pores. A 
disordered nitrate is in the pores balancing the charge. This nitrate could not be located for 
crystallographic measurement and modeling, but its presence was determined by direct 
analysis using ion chromatography and the colorimetric Griess method. The network has 1D 
channels running thorough it along the c axis, with the dimensions 14.163(8) x 7.55(4)Å. The 
rhomboidal pores are decorated by alternating Py4-TPE and camphorate dimethyl groups with 
the solvated pyridine groups protruding into the pores. The presence of the uncoordinated 
pyridyl groups is relatively rare, and should provide a functionality for such applications as 
metal sensing. 
The [Zn4(BDC)4(Py4-TPE)] network consists of pairs of zinc(II) ions, each coordinating to a Py4-
TPE molecule and three BDC dianion oxygens, arising from 2 monodentate carboxylates and 
one bridging. The network is porous with hexagonal channels running through it, and has two-
fold interpenetration. The interpenetrated BDC moieties lie between the TPE phenylene rings 
with moderate-to-strong π-π interactions. The network has 1D channels running through it 
along the c axis with the dimensions 11.883(14) x 11.660(15)Å. 
Several other dicarboxylic acid ligands, including isophthalic acid, malonic acid, malic acid and 
methylenediphosphonic acid, were also examined as potential pillaring agents, but failed to 
yield viable products. Further studies using these ligands with manganese as an alternative 
metal were also unsuccessful.  
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It is instructive to compare these two networks with the Py4-TPE networks previously reported 
in the literature.3, 5 The BDC network is similar to known networks with a 2D plane pillared by 
the carboxylate, but forming an interpenetrated structure.4 This mixed carboxylate bridging and 
monodentate coordination has also been seen in the cadmium network reported by Zhao.3 In 
these ways, its behaviour is consistent with other known networks.  
In contrastto this is the mixed coordination of the Py4-TPE ligand in the camphorate network, 
which is unlike any other reported Py4-TPE network. The hydrogen bond between the 
phenylpyridinium arm and the camphorate is unusual, and examples of uncoordinated solvated 
pyridyl group in such a network are scarce. Chen’s seminal paper described a network where 
uncoordinated Lewis base pyridyl sites were used to sense metal ions. The camphorate network 
might fulfill a similar function, but whereas Chen used a single ligand with mixed coordinate 
groups, the present synthesis achieved a similar result using two distinct, dicarboxylate ligands. 
This significantly expands the possible avenues for the application and tuneability of networks 
containing Py4-TPE.   
The known carboxylate/Py4-TPE mixed ligand systems use larger, rectangular, flat spacers like 
9,10-anthracenedicarboxylic acid. In contrast, camphoric acid is a bent, chiral, divergent ligand. 
As such, it had a marked effect on the formation of the network. Instead of the expected 3D 
network, a crosslinked 1D chain formed with additional hydrogen bonding. This coordination 
mode has not been previously observed with Py4-TPE, is unusual in materials chemistry overall, 
and may represent a motif that could be expanded to other Py4-TPE mixed ligand frameworks 
and other tetrapyridyl ligands.  
The [Zn(cam)(HPy4-TPE)]NO3 is much less stable than other similar networks, undergoing 
significant decay above 150oC. This is attributed to the close proximity of the protonated 
phenylpyridinium arm and the nitrate ion, leading to the facile formation of HNO3 and 
subsequent decay of the ligands. In contrast, [Zn4(BDC)4(Py4-TPE)] is highly stable with thermal 
decay occurring at 475oC. Importantly, this is higher than other similar Py4-TPE networks, and 
for MOFs in general.  
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Both networks continue to display the strong fluorescence behaviour of the Py4-TPE ligand with 
a red shift and an increase in intensity. The camphorate network has the greatest red shift 
(60nm) with an approximately two-fold increase in fluorescence, while the BDC network has a 
smaller shift (41nm) with an approximately four-fold increase in fluorescence, suggesting that 
both networks are promising candidates for future luminescent applications.  
The results of this study have described the preparation of two MOFs, [Zn(cam)(HPy4-TPE)]NO3 
and[Zn4(BDC)4(Py4-TPE)] clearly reiterating the potential of using appropriate “spacer” 
molecules to generate porous materials. This led to an increase in the interlayer distance 
between the TPE cores. The BDC/Py4-TPE network exhibited interpenetration behaviour similar 
to that seen with other mixed ligand systems and this will need to be a key design consideration 
for future work in this area. For the [Zn(cam)(HPy4-TPE)]NO3 network, the presence of the free 
phenylpyridinium arm combined with the fluorescence of the overall network make it a 
promising candidate as a future sensor. 
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CHAPTER VII 
CONCLUSIONS AND FURTHER WORK 
7.1 Metal organic frameworks and coordination polymers using highly 
conjugated ligands 
The work described in this thesis has concentrated on the synthesis, characterization and 
properties of coordination polymers and metal organic frameworks based on large, conjugated, 
fluorescent ligands. Specifically, phosphonate-substituted naphthalene diimides (P-NDI) and 
tetrapyridyltetraphenylethene(Py4-TPE) derivatives. 
7.1.1 Barium naphthalene diimide  networks 
Using an in situ deprotection hydrolysis of the phosphonate esters, a novel direction for the 
synthesis of metal NDI derivatives was identified. Two barium phosphonato-naphthalene 
diimide compounds were successfully synthesised utilising two phosphonate substituted NDI 
ligands. These are the first phosphonate networks to be reported using the NDI platform 
functionalised with phosphonate groups, where the predisposition of the phosphonate ligand 
to form ill-defined amorphous solids appears to have been overcome. One of these 
compounds, a phosphonate monoester, represents the first fully characterised phosphonate 
coordination polymer to make use of the naphthalene diimide core as a rigid, planar platform.  
The phosphonate monoester network formulated as: [Ba(H2O)3(Et2NDI-BP)] was fully 
characterised via FTIR, SCXRD, PXRD, TGA-GC and fluorescence spectroscopy, and this 
compound represents the first reported crystal structure for a metal NDI phosphonate. In this 
coordination polymer, the 7-coordinate barium ion adopts a distorted-pentagonal bipyramid 
geometry bound to four oxygen atoms belonging to four monodentate phosphonate groups, 
and three water oxygens in the equatorial positions. The network is a layered system with 
alternating barium and NDI layers, but exhibited no porosity due to the dense layering in the 
network. The phosphonate groups exhibited only partial deprotection (arising from the amount 
of ethanol in the reaction medium) demonstrating a further degree of control over potential 
variation in these networks.   The reaction was controlled by varying the polarity of the 
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medium, via the ratio of water to ethanol, the reaction time, the ratio of ligand to metal and 
the pH of the starting solution although co-precipitate could not be completely eliminated . This 
approach has enabled the synthesis of crystalline products and given some degree of control 
over the deprotection of the phosphonate.  
Monoester phosphonates are an exciting development in this area of coordination chemistry 
and this represents a key advance in the area.    
A tetraphosphonate barium/bromide/NDI-TP network was similarly prepared, but the size and 
quality of the crystals precluded the determination of a definite structure. Nevertheless, it was 
examined via FTIR, XPS, PXRD, TGA-GC, and fluorescence spectroscopy. FTIR and TGA confirmed 
the presence of the ligand and water. XPS confirmed the presence of barium, phosphonate and 
bromide. This compound undergoes a structural collapse after activation and removal of water, 
as confirmed via TGA, FTIR and PXRD, producing an amorphous powder. While the collapse is 
not ideal, it is possible that the solvated material may still have potential applications.  
The networks were found to be only weakly fluorescent due to charge transfer between the 
NDI cores. This is attributed to the close packing of the NDI cores facilitating fluorescence 
quenching and thus suppressed fluorescence relative to the original ligand.   
These compounds demonstrate the potential for thermally- and chemically-robust 
phosphonate-networks and the possible application of NDI cores in the synthesis of new metal 
organic coordination polymers. The crystallization process is not well understood, but can be 
influenced by utilising bulky ligands and careful control of synthetic conditions. These 
compounds represent a step towards a more complete understanding of the bonding in 
phosphonate coordination polymers.  
7.1.2 Future work 
Although the structure of the barium phosphonate monoester NDI network was fully defined, 
the poor quality of the diffraction data for the barium tetraphosphonate NDI network 
prevented its full characterization. Future work would need to concentrate on this aspect, and 
possible routes to obtain a reliable crystal structure that were not explored in this work include 
the use of unrealised crystallization strategies, or the exploration of an even wider range of 
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conditions. Recent advances have been made in phosphonate high-throughput and microwave 
synthesis and this may prove successful in realizing these compounds.   
Applications of MOFs have been expanding in recent years and it is possible that these 
networks based on the NDI-phosphonate motif will prove suitable for a variety of these uses. Of 
interest is proton conduction, as metal phosphonates with large, water occupied voids have 
been used for this purpose. 
Functionalization of NDIs is a well-developed synthetic field. As such, substitution of the NDI 
core could create variants of both reported networks. Specifically, the use of functional groups 
tuned to certain applications, such as sensing and proton conduction, could expand on this 
work. In addition, substituents other than the phenylene group could be attached to the 
nitrogen of the NDI imide.   
Other alkaline or rare-earth (lanthanide) metals may also prove suitable for the formation of 
networks. Variations on the methods reported in this thesis were attempted using calcium, 
strontium, zirconium, aluminium and magnesium, but these proved unsuccessful.  
7.2 MOF frameworks utilising Tetrapyridyltetraphenylethene(Py4-TPE) 
7.2.1 Single ligand MOFs 
Three isostructural metal organic frameworks formulated as [M2+(Py4-TPE)Cl2]●4TCE were 
synthesised using manganese(II), nickel(II) and copper(II) in combination with the Py4-TPE 
ligand. All three MOFs were structurally similar with 2D planes consisting of octahedral metal 
centres and large pores. The networks were characterised via FTIR, SCXRD, PXRD, TGA-GC-MS 
and fluorescence spectroscopy.  
It was significant that these networks only formed in the presence of tetrachloroethene and 
2,3-dimethyl-2-butene demonstrating that these molecules are acting as structure-directing 
agents in the presence of bulky planar molecules. Notably, this is the first use of TCE as a 
structure-directing agent. Hexachlorobenzene also demonstrated a similar role, but it induced 
interpenetration of the manganese network. This demonstrates the important role that guest 
molecules can play in the formation of MOFs.  
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The copper(II) Py4-TPE network proved unstable when the solvent was removed. This is a 
feature noted in other similar Cu(II)(py)4X2 compounds. However, despite considerable 
investigation, the exact mechanism of this collapse could not be determined. Hydrolysis of the 
network was eliminated as a possibility and the removal of the solvent was determined to be 
the causative step.   
The manganese(II), nickel(II), and copper(II) networks exhibited fluorescence derived from AIE 
of the Py4-TPE. The air-stable manganese(II) and nickel(II) networks were further investigated 
for their gas adsorption properties. Both MOFs were found to exhibit some degree of CO2 and 
CH4 adsorption, but negligible N2 and H2 adsorption. This is mostly likely a function of pore size, 
as there are no functional groups with a strong interaction with the gases.  
Combined with TCE, these networks represent a fascinating advance in the application of 
structure directing agents. Indeed, tetra-substituted ethenes were demonstrated to have a 
significant role in the formation of these Py4-TPE networks. The resultant networks 
demonstrated consistent gas adsorption and fluorescent properties.   
7.2.2 Future work 
Alternative procedures for the activation of the networks could be further refined to improve 
the surface area. While solvent exchange was explored, it is possible that other techniques such 
as the use of supercritical CO2 could improve the performance of these networks.  
It is possible that the use of solvents as structure-directing agents could extend to other similar 
tetraphenylethene molecules and this warrants additional research. Tetrachlorobenzene did 
not influence the reaction product, but there are a plethora of similar conjugated molecules 
that could be used to assist in controlling the morphology of these networks.  
Synthetic work on the modification of Py4-TPE is an ongoing area of research. Additional 
functional groups could be added to the TPE core via normal synthetic methods or PSM could 
introduce new functionality. Non-symmetrical substitution and modification of the pyridyl 
group are also possible avenues.  
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7.2.3 [Zn2(Py4-TPE)Cl4]•4TCE network 
A new coordination polymer containing zinc(II) and the Py4-TPE ligand was synthesised and 
successfully characterised as a TCE solvate, [Zn(Py4-TPE)Cl2]•4TCE. It is structurally-distinct from 
the other manganese(II), nickel(II), and copper(II) networks in having tetrahedral metal centres 
and consisting of 1D chains, but has a similar porosity to the previously described Py4-TPE 
networks in this work. The coordinating chloride occupied similar positions to the other 
networks with one chloride per zinc centre positioned 3.937(3)Å from the ethene bond. It 
exhibited similar stability and gas adsorption properties to the manganese and nickel networks, 
but demonstrated the potential to detect volatile organic aromatic compounds.  The zinc(II) 
network not only had a significantly larger intensity shift but also exhibited notable  wavelength 
maxima shifts. 
A systematic study of the fluorescence behaviour of [Zn(Py4-TPE)Cl2]•4TCE PCP demonstrated 
“turn-on” and “turn-off” responses when exposed to liquid samples of various single-ring 
aromatic VOCs. Mono-substituted methyl-, chloro- and methoxy-benzenes generated a “turn-
on” (enhancement) in the fluorescent intensity of the CP. Notably, this intensity increase was 
directly proportional to the degree of substitution of the aromatic VOC while the wavelength 
maxima shift was consistent. In contrast, nitro-substituted benzenes exhibited a “turn-off” 
(suppression) of the fluorescent intensity, which is believed to occur via electron transfer from 
the electron-rich fluorophore to the electron-deficient nitroaromatics. This combination of 
“turn-on” and “turn-off” fluorescent response is significant, unusual and mostly observed in AIE 
sensing systems.  
The kinetics of organic vapour adsorption was also explored and the response was found to be 
similar to other known AIE MOFs. The ability of the network to respond to these analytes was 
demonstrated to be stable over repeated activation/sensing cycles and this was demonstrated 
by fluorescence and PXRD measurements.    
The [Zn2(Py4-TPE)Cl4] PCP represents a new member of AIE based VOC sensors, and exhibited 
both “turn-on” and ”turn-off” behaviour combined with predictable wavelength shifts 
depending on the analyte. The AIE mechanism is distinct from other fluorescent MOFs and this 
 285 
 
work represents one of only a few dual response networks reported. This paves the way for 
further novel MOFs with variable response emissions. 
7.2.4 Future work 
This work could be expanded by exploring the factors which lead to the differing behaviour of 
various analytes, most crucially “turn-on” versus “turn-off”. This would likely involve molecular 
modeling studies of the interaction of various analytes with the network, as well as in situ 
analysis of the sensing mechanisms.  
The kinetics of adsorption could also be further explored with competitive single and mixed 
analyte systems.        
7.3 Mixed ligand MOFs     
Two mixed ligand Zn(II) Py4-TPE networks were synthesised consisting of zinc(II), Py4-TPE and an 
additional dicarboxylate ligand which was included in an attempt to enhance the known 
porosity and luminescent properties of the M2+ Py4-TPE networks. The two dicarboxylic acids 
chosen as representative pillaring (spacing) agents were the ‘linear and planar’ BDC and the 
‘bent’ camphoric acid. The networks were characterised via FTIR, SCXRD, PXRD, TGA-GC-MS and 
fluorescence spectroscopy. Both networks were found to be highly fluorescent in a similar 
manner to other Py4-TPE networks. 
A variety of alternative dicarboxylate anions were explored as pillaring agents, these included 
other “bent” ligands like isophthalic acid and several non-conjugated ligands. Other metals 
(Mn2+, Ni2+, Al3+) were also explored, but it was not possible to isolate pure products.    
7.3.1 Zinc Py4-TPE camphorate  
The ‘bent’ camphorate anion proved successful in forming a porous MOF ([Zn(cam)(HPy4-
TPE)]NO3.). The zinc(II) centres adopt a distorted trigonal bipyramidal geometry coordinating 
with two camphorates and two Py4-TPE ligands.  The Py4-TPE ligands in turn coordinate with 
two zinc ions, a single carboxylate oxygen via a hydrogen bond with a protonated pyridyl group 
and possess, quite unusually, a single non-coordinating pyridyl group which extends into the 
water occupied pores. This creates a crosslinked 1D chain that is linked to other chains by 
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hydrogen bonds between the Py4-TPE and the camphorate ion. This hydrogen bond requires a 
balancing anionic charge, which is provided by a disordered nitrate ion within each pore in the 
framework. This nitrate makes the network less stable than other similar networks as it leads to 
the facile formation of HNO3 and subsequent decay of the ligands. 
The uncoordinated pyridyl group on the Py4-TPE has not been observed before and could be 
useful as a metal binding centre for catalyst and sensing applications. This represents the first 
instance of this coordination mode for Py4-TPE and a novel MOF with several potential 
applications. It is uncommon to observe an uncoordinated solvated pyridyl group in such a 
network, and this significantly expands the possible avenues for the application of MOFs 
utilising Py4-TPE. Additionally, this represent a motif that could be expanded to other Py4-TPE 
mixed ligand frameworks and other tetrapyridyl ligands. 
7.3.2 Zinc Py4-TPE BDC 
The linear and planar terephthalate anion (BDC) demonstrated a promising pillaring effect 
forming a MOF formulated as [Zn4(BDC)4(Py4-TPE)]. It consists of pairs of zinc ions, each 
coordinating to a Py4-TPE molecule and three BDC oxygens, 2 monodentate carboxylate and 
one bridging. The overall framework is a 2D plane consisting of the Py4-TPE and two BDC linked 
to other planes by the other two BDC anions. The network is porous with hexagonal channels 
running through it, and has two-fold interpenetration. The pores in the network are occupied 
by water and the network remains stable after their removal. The network is highly thermally 
stable, only decaying around 450oC. This behaviour is consistent with other known networks.  
The pillaring by the BDC anions lead to the expected increase in the interlayer distance 
between the TPE core, however the interpenetration behaviour observed will need to be 
considered in future work in this area. 
7.3.3 Comparison  
When comparing the two networks, the influence of pillaring agents was clear seen not only in 
creating different layering motifs but also alternating the coordination of the other ligand. This 
work expands the known pillaring agents for Py4-TPE MOFs and demonstrates a novel direction 
forward; utilising ‘bent’ coligands to induce uncoordinated pyridyl groups.  
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7.3.3 Future work 
It would be valuable to further explore changes in the fluorescent behaviour of both these 
zinc(II)/dicarboxylate/Py4-TPE networks. The uncoordinated pyridyl in the camphorate network 
could prove valuable as an active site for catalysis or sensing. In addition, it would be useful to 
explore the ion exchange behaviour of the nitrate ion in the camphorate network, since its 
replacement with other ions could enhance the thermal stability of the network.  
It would also be valuable to explore whether the novel coordination of the Py4-TPE ligand in the 
camphorate MOF is possible using other ligands. It is possible that this could be extended to 
other symmetrical pyridyl ligands creating a new family of functionalised frameworks.  
